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Abstract

Neuroscientists use neural electrodes to explore the working mechanisms of the nervous system.
Therefore, ideal electrodes should have a small size and the ability to record and stimulate at a single-
cell resolution with low noise. Materials used for fabrication should be flexible and stable for a long
period in the biological media. However, conventional recording and stimulation techniques do not
have sufficient spatiotemporal resolution for neuroscience research. Combining electrical and optical
modalities into one device helps overcome the resolution limits and record more detailed information.
For this application, transparent conductive materials are needed.

Graphene is a potential solution due to its advantageous combination of properties, such as high
conductivity, transparency, and flexibility. However, important characteristics of recording and stim-
ulation electrodes, such as the impedance and charge injection capacity of graphene electrodes, do
not reach the levels of conventional materials. The electrical characteristics of graphene could be im-
proved further with surface modification, chemical doping, or stacking. Each method has been shown
to improve the conductivity of graphene, although some affect the transparency of the layer.

In this work, three methods were used to improve the electrical characteristics of multilayer graphene
neural electrode without losing transparency or flexibility. These methods include growing a thicker
layer of graphene, adding metal nanoparticles to the surface of the electrode, and nitric acid doping of
graphene.

For that purpose, graphene electrodes were fabricated on a silicon wafer. The electrical character-
istics of these electrodes were assessed with electrochemical impedance spectroscopy, cyclic voltam-
metry and 4-point probe measurements. Furthermore, the optical transmittance is measured. The
improvement methods were then tested on these electrodes, and the performance was evaluated.

Adding metal nanoparticles to the surface of the electrode showed the most promising results. With
gold nanoparticles, the impedance at 1 kHz was lowered 82%, and charge storage capacity increased
529%. However, at the same time, 30% of the optical transmittance was lost. With lower nanopar-
ticle density, 6% of transmittance was lost, and 7% of impedance gained. Nitric acid doping did not
improve the impedance, but the charge storage capacity was increased up to 66%. Thicker layers of
graphene displayed a lower sheet resistance. However, impedance or charge storage capacity were
not improved.
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Introduction

The most complex part of the human body is the nervous system. It controls all the organs and locomo-
tion of the body. After discovering that the nervous system consists of neurons and they communicate
with electrical pulses, neural electrodes were developed [1].

Electrodes serve as the interface to the neural tissue for either recording electrical activity or tissue
stimulation. Signals emitted by neurons can be detected with recording electrodes. The measured
electrical activity provides information about the neural circuitry at a cellular level, as well as knowledge
of the physiological processes in health and disease [2]. Furthermore, harvested neural signals can be
used to control external hardware, such as artificial limbs [3].

Neural electrodes are also used for stimulation by creating electric fields between two electrodes in
the nervous tissue. Modulating neural activity helps to treat various neurological disorders mentioned
in figure 1.1 or to replace a lost function such as motor, sensory or cognitive functions [3].

An electrode is a key element in an implantable device since it is the interface between technology
and biology. The electrode surface is in physical contact with the tissue, and thus, recording and
stimulation abilities are dependent on the properties of that interface [3]. Ideal electrodes should be able
to record with a single-cell resolution and with a high signal-to-noise ratio (SNR) for a long period of time
and to inject a sufficient amount of charge for stimulation [2]. Materials used for electrode fabrication
need to survive in a biological environment without delaminating or corroding [3]. Furthermore, flexible
materials should be used which are more similar to the tissue to avoid damage [2].

Cortical DBS implants
electrodes h .~ (Parkinson)
(intraoperative ) v i

brain mapping) —~
) Cochlear implant
/ (hearing)
3 =
=, VNS Vagal nerve stimulators
. (epilepsy)

e
SN
. Retina \
implants RN

(vision) £

Spinal cord -
Control of artificial limbs

stimulators .,;-‘."-' [
(chronic pain) |
+ (amputees, ALS, etc)
” /
4

Sacral neuroestimulators
Motor rehabilitation ] 4

lpibal card kiflry) I’ (neuromodulation for continence)
spinal cord injury,

Figure 1.1: Neural interfaces developed for various therapies [4]
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1.1. Neural activity measurement and tissue stimulation techniques

Electrodes are used in neuroscience to research the physiological processes at the cellular level to
discover the underlying mechanisms of neurons connections [2]. Various techniques have been devel-
oped for recording and stimulating neural tissue.

1.1.1. Electrical recording and stimulation

Neurons communicate signals through electrical impulses. Electrical current in the body is created by
an ion flow through the cell membrane. Since there are different amounts of positive and negative
ions inside and outside of the cell, there is a difference between extracellular and intracellular potential
called the membrane potential. The ions can move into and out of the cell through the ion channels in
the cell membrane and therefore change the membrane potential. A suprathreshold depolarization of
the membrane creates an action potential. This type of impulse will propagate along the axon of the
neuron and transmit to other neurons [5]. These changes in the extracellular potential can be detected
with an electrode. A recording electrode acts as a transducer, changing the ionic current into electronic
current and thus enabling measurement of neuron activation.

During electrical stimulation, an ionic current flow is created in the tissue between 2 electrodes.
One electrode serves as the cathode with negative potential, and the other electrode as the anode with
positive potential. The created electric field changes the extracellular voltage distribution in the tissue,
and therefore, the membrane potential. If then the membrane potential exceeds the threshold, an
action potential is created artificially [6]. A downside of electrical stimulation is that focusing is difficult,
therefore all structures in the vicinity of the electrode are activated [2].

1.1.2. Optogenetics

Investigating neuronal dynamics requires advanced technologies with high-resolution sensing and stim-
ulation capabilities. Conventional methods provide insufficient spatiotemporal resolution for neuro-
science research. To have more selective control over which neural structures are activated, opto-
genetics can be used.

Neurons can be genetically modified with light-sensitive proteins called opsins. These are delivered
to the neuron’s membrane and act as ion channels or pumps. The neuron is then sensitive to light
with a specific wavelength which causes the ion channel to open or pump to activate. That results in
depolarization of the cell and the creation of action potential.

Various opsins can be used, each of which reacts to different wavelengths of light [7]. Cell-type-
specific control can be achieved by using gene targeting approaches [8]. As opposed to electrical
stimulation, only the modified cells are activated, which makes the stimulation more selective, as illus-
trated in figure 1.2. Thanks to the high spatial and temporal resolution provided by optogenetics, more
knowledge about neural circuits can be achieved [7].

Electrical stimulation Optogenetic excitation

(a) (®)

Figure 1.2: (a) Electrical stimulation activating all neurons around it is illustrated. (b) optogenetic stimulation only affecting the
genetically modified cells is depicted [9].



1.2. Electrode design evolution 3

1.1.3. Imaging

Various imaging techniques have been developed to monitor neural activity systematically. The orga-
nization of neurons is important to the functionality of the nervous system. Therefore, it is beneficial to
monitor many neurons simultaneously to uncover the interconnections between the neurons.

Calcium ions take part in transferring intracellular signals. For calcium imaging, fluorescent indi-
cators are introduced to the nervous tissue that activate when bound with calcium ions. Therefore,
when an action potential is created and transferred to another neuron, the number of calcium ions and
thus the fluorescence increases. These changes are detectable with microscopy techniques. In com-
bination with two-photon microscopy, it is possible to monitor these indicators also in deep neurons
[10].

Other imaging techniques used for noninvasive neuronal activity monitoring are voltage imaging,
functional magnetic resonance imaging (MRI), electroencephalogram (EEG)/MRI, positron emission
tomography (PET)/computed tomography (CT), and MRI/ magnetoencephalography (MEG) [11, 12].

In vivo imaging techniques can also be used to monitor other biological changes in the tissue, such
as vascular changes, development of scar tissue, and microglial activation [13].

1.2. Electrode design evolution

Good electrical conductivity is the most important property of electrode materials because it has to trans-
mit electrical signals. Conventionally, metal wires with high conductivity have been used as recording
electrodes, such as stainless steel, tungsten, platinum [1, 2]. After that, insulated metal microelec-
trodes, where only the tip is exposed, were developed. In addition to previously used materials, gold,
titanium, titanium nitride, platinum/iridium, iridium oxide were now adopted. Later on, microfabrica-
tion processes used for semiconductor technology also became interesting for biomedical applications.
The main reason is high accuracy to create patterns with small feature sizes. In this process, a silicon
substrate is used where metal electrodes and contacts are deposited. One problem with these types
of electrodes is rigidity [1].

Stiff electrodes can damage the tissue during insertion or due to micromotion after implantation and
trigger inflammatory reactions, which create an insulating layer of scar tissue around the electrode, as
illustrated in figure 1.3 [14]. That results in an increase of the interface impedance, which disrupts the
recording of neural signals. To avoid this mechanical mismatch, materials with a low Young’s modulus,
which is closer to the tissue, should be used [2]. Therefore, the design of implants extended towards
flexible forms to reduce the damage to the neural tissue.

Polymer-based materials are being researched for encapsulating metal electrodes, such as Poly-
dimethylsiloxane (PDMS), Parylene C, SU-8, and Polyimide, which are biocompatible and have low
Young’s modulus [1].

Adverse
Elaiticdle biomechanical interactions Interfacial
# I impedance |
Tissue Scartissue 4858
° ‘Eiive
|- S | 1
I ) _ ¢ 2 Te rt | i
e .’:_y..r B
> i o~
© 4

Figure 1.3: Inflammatory response creates an insulating scar tissue layer around the stiff electrode which disrupts the
recording and stimulating [15]
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Another issue with conventional metal electrodes is that they do not have sufficient spatiotemporal
resolution for neuroscience research. To overcome the resolution limits, neurotechnologies combin-
ing electrical and optical modalities have been proposed [16]. Electrodes fabricated with transparent
conductive materials enable stimulating with light and measuring neuronal activity electrically at the
same location, or simultaneous electrical stimulation and imaging of the neuronal activity immediately
beneath the electrode, which would be very difficult using only the electrical modality. Bringing these
techniques together could give more information about the neurons’ connections as well as detailed
mechanisms of electrical stimulation [17].

It can be seen in figure 1.4 that with metal electrodes we lose some information while imaging that
we can still observe with a transparent device. Thus, transparent conductive materials should be used
to provide the optimal platform for neural monitoring and stimulating using both electrical and optical
modalities.

200 pm

Figure 1.4: Simultaneous observation of neural activity and vascular changes right under the electrode with transparent and
opaque devices [17]

Transparent and flexible electrodes have been fabricated with various materials such as indium
tin oxide (ITO); ultrathin metals or nanostructured metals like gold and platinum, which have been
thinned down to nanometer range (<10 nm) to be more mechanically compliant and transparent; con-
ducting polymers like polystyrene sulfonate-doped poly(3,4-ethylene dioxythiophene) (PEDOT:PSS)
and graphite-PDMS composite; and carbon-based materials (carbon nanotubes, graphene) [1, 18, 19].

Graphene has shown a lot of potential for use in optoelectronic devices, due to its unique combina-
tion of properties such as high electrical conductivity, flexibility, mechanical stability, and high optical
transparency. Graphene has been investigated as a neural electrode material. Graphene electrodes
have been shown to be able to record electrical activity, however, the impedance does not reach that
of conventional recording electrode materials (e.g. gold). Furthermore, the stimulation capability of
graphene electrodes in the literature is not sufficient to elicit a neural response.

Due to these reasons, various techniques have been investigated to improve the electrical charac-
teristics of graphene. These include stacking multiple layers of graphene, chemical doping, and adding
nanostructures on the surface. However, these methods have not been fully characterised for neural
electrode application.
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1.3. Thesis objectives and approach
This thesis aims to assess the neural recording and stimulation performance of graphene electrodes
and explore how graphene electrodes can be improved for optogenetics applications. To achieve that,
several research questions are addressed, such as what are the most relevant electrode performance
indicators, furthermore, which methods of graphene functionalization are most suitable for transparent
and flexible electrodes, and how do they affect the performance.

In this work, multilayer graphene electrodes are evaluated with electrochemical characterisation
techniques, and the effect of various graphene improvement techniques on the performance of graphene
electrodes for optogenetics application are quantified. This will be achieved with several steps, includ-

ing:

1. Fabrication and characterisation of graphene electrodes
2. Modification of the graphene electrodes with three improvement methods:

(a) Adding thickness to the graphene layer

(b) Depositing gold and platinum nanoparticles on the electrode surface

(c) Chemical doping of graphene with nitric acid
3. Investigation of how the improvement methods affect the performance of graphene electrodes
4. Evaluation of how the improvement methods affect transmittance

Figure 1.5: lllustrations of the improvement methods used in this work: (a) adding thickness, (b) depositing nanoparticles on
the surface, (c) nitric acid doping

1.4. Outline of the report

In order to compare electrode materials, electrochemical characterisation is used. The main charac-
terisation techniques and desired results are described in chapter 2. Transparent conductive materials
are introduced in chapter 3, with the main focus on graphene. The literature review on graphene neural
electrodes is presented. Next, various methods for improving the electrical characteristics of graphene
are explored and the effects on electrode performance reported in the literature are shown.

In chapter 4, the fabrication of the graphene electrodes is described and the details for the char-
acterisation techniques are given. Furthermore, the transfer process of graphene to a glass slide is
explained. Next, the nanoparticle deposition and nitric acid treatment are described. In chapter 5, the
results of the measurements are presented and discussed. Conclusions and recommendations for
future work are given in chapter 6.



Characterisation of neural electrodes

To evaluate the electrode performance and compare different materials as an implantable neural inter-
face for recording and stimulating, several characterisation techniques are used, such as electrochem-
ical impedance spectroscopy, cyclic voltammetry, and potential transients. Sheet resistance measure-
ments are used for thin-film materials characterisation. For transparent electrode materials also the
optical transmittance is evaluated. In this chapter, the performance tests and desired results are de-
scribed.

2.1. Electrode-tissue interface

Electrical current from the electrode is transformed into an ionic current at the electrode-tissue inter-
face. The performance of the electrode is highly dependent on that interface. Therefore, for electrode
characterisation, simulating that interface is important. Simple saline with Na™ and CI~ ions as charge
carriers can replace the extracellular fluid around the electrode for short-term in vitro characterisation
[3].

When an electrode is immersed in saline, the ions with dipolar water molecules will form a layer on
the electrode surface. This layer and the charged electrode surface act as a double-layer capacitor.
Other ions that are not on the surface diffuse away from the electrode [3]. The electrode double-layer
capacitance (Cy;) and the diffuse layer are depicted in figure 2.1.

' Double-layer
1 capacitance

Diffuse layer

Figure 2.1: Electric double-layer around the electrode inside an electrolyte [20]
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During stimulation, charge transfer between an electrode and electrolyte happens through capaci-
tive and faradaic mechanisms. Capacitive charge transfer involves charging and discharging the Cy
and is fully reversible when the direction of the current is reversed. Faradaic transfer involves electro-
chemical reactions where an electron is transferred across the interface and some species are oxidized
or reduced. Faradaic reactions that include only a monolayer on the electrode surface are also named
pseudocapacitive [14]. A faradaic reaction can be reversible or irreversible.

An irreversible reaction generates volatile products, which means that all components will not be
available during a reversed phase of a stimulation pulse. Thus, the original state of the electrode is
not restored. Irreversible reactions should be avoided when stimulating, not to damage the tissue
or the electrode. Common irreversible processes include water electrolysis, oxidative formation of
soluble metal complexes, and corrosion. Therefore, capacitive charge injection is preferred due to its
reversibility [14]. The potential limits where water oxidation and reduction start happening is called the
‘'water window’. During electrochemical measurements, the potential of the electrode should always be
kept inside these limits not to induce irreversible water electrolysis [3].

2.2. Electrochemical impedance spectroscopy

Selectivity (spatial resolution) and sensitivity (to slight changes in the potential) are two crucial charac-
teristics of a recording electrode. As the exposed area of the electrode decreases, the spatial resolution
improves, but at the same time, the electrochemical impedance is increased due to the limited area for
interaction with the extracellular fluid [3].

The electrode impedance should be as low as possible because the SNR during recording has an
inverse relationship with electrode impedance. Furthermore, the required voltage to create a stimulation
current increases with the electrode impedance. Increasing the voltage could result in electrolysis or
corrosion [3].

Longevity and predictability are other important aspects of an electrode [3]. The electrode interface
should preserve stable impedance over a long period of time [2] because once implanted, it should not
be replaced in years since it requires surgical intervention [3].

The electrochemical characterisation for electrodes is usually done in a 3-electrode setup sub-
merged in saline, as illustrated in figure 2.2. The electrode which performance is being evaluated is
called a working electrode (WE). The ground, or current sink, used to close the circuit is called a counter
electrode (CE) which needs to have a large surface area so that its contribution to the impedance would
be negligible [3]. The third one is a reference electrode (RE), which is used to measure the electric
potential variation on the working electrode, therefore the potential of this electrode cannot change over
time [21].

O (0]
g CE RE WE
T
Potentiostat/
galvanostat
WE RE |[CE
/-__-

Q
Saline

Figure 2.2: 3-electrode setup for EIS and CV measurements [3]
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The impedance of a neural electrode is measured with Electrochemical Impedance Spectroscopy
(EIS). This method is widely used as a characterisation tool for recording electrodes. During EIS, a sinu-
soidal voltage waveform with different frequencies is applied on the working electrode and the current
response is measured with a counter electrode. The frequency ranges typically from 1Hz to 100kHz.
The root-mean-square (RMS) of the voltage is generally between 10mV and 50mV, not to induce irre-
versible reactions on the electrode [3, 14]. The electrochemical impedance Z is found by comparing the
amplitude and phase of the input signal with the recorded signal. The measured impedance is usually
displayed with a Bode plot, where the magnitude of Z and the phase shift of Z are plotted separately.
An example Bode plot can be seen in figure 2.5a [3].

The equivalent circuit model for the electrode-electrolyte interface usually consists of the electrolyte
resistance (R,) and the charge transfer mechanisms that act in parallel: capacitive (Cy;) and faradaic
(Re;) (figure 2.3b). At low frequencies, almost no charge crosses the capacitive double layer, thus,
other surface reactions (R,.;) and the electrolyte resistance (R;) contribute to the impedance magni-
tude. In the intermediate frequency range, the interface contribution affects the timing and shape of
the signal. More charge flows over the capacitor, thus, a reduction in the impedance magnitude and a
90° phase shift are expected [3]. The impedance at 1kHz is usually reported for recording electrodes
for comparison [14]. At the high-frequency range, due to the effortless charge transfer over the inter-
face, the impedance of the interface is negligible, and the resistive behaviour of the electrolyte (R;)
contributes to the high-frequency impedance [14]. Therefore, in the high-frequency range, the signal
transfer is frequency-independent and the phase is not shifted [3].
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Figure 2.3: (a) Typical Bode plot for an electrode [3]. (b) Equivalent circuit model of electrode-electrolyte interface.

For flexible implants, electrochemical measurements should also be done under mechanical strain
since the electrical characteristics of flexible materials are sensitive to stretching. The implant can be
clamped to a platform that applies various displacements while the measurements are done. Therefore,
strain-dependent electrical properties are obtained [22].
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2.3. Cyclic Voltammetry

Cyclic Voltammetry (CV) is performed in the same 3-electrode setup as EIS, where the working elec-
trode’s potential is driven at a constant sweep rate with respect to a reference electrode between two
limits that are within the water window, as shown in figure 2.4 inset. The current, which is measured
through a counter electrode, gives information about the electrochemical reactions at the electrode sur-
face [14]. Steady positive and negative currents are expected for an electrode only exhibiting double-
layer capacitance. When the activation potential of a reaction is reached, the current will increase
rapidly. This can be identified as a peak on the CV graph. When a current peak is present only during
the forward scan and absent during reverse, it is the result of an irreversible reaction (figure 2.4) [3, 23].

Reversible

| A
Quasi-reversible

Irreversible

Figure 2.4: Different shapes of CV plot according to the charge transfer mechanism. The inset illustrates the applied voltage
on the working electrode [23]

For a stimulation electrode, the (cathodic) charge storage capacity (CSC) is an important charac-
teristic. It is calculated from the time integral of the (cathodic) current during the CV. CSC represents
the amount of charge that can be stored reversibly in an electrode. It is dependent on the electrode
material, size, and shape, as well as the composition of electrolyte and stimulus waveform [14].

CV measurements are highly affected by the sweep rate. With an increased sweep rate, the time
of the measurement is decreased. To transfer the same charge over the interface, the current has to
be higher. However, when CV voltage data is converted to time, it can be seen that the area under
the curve for slow sweep rate is higher (figure 2.5). Under a high sweep rate, pore resistance limits
access to all the available charge [14]. Furthermore, the reaction rates at the surface depend on the
concentration of the solution close to the electrode. With fast scan rates, the concentration of the
reactant is smaller due to slower flux [24]. Therefore, CSC is larger measured at low sweep rates. For
comparison, CSC results must be accompanied by the measurement conditions [22].

CV current vs voltage CV current vs time
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Figure 2.5: CV measurement data expressed on (a) current vs voltage and (b) current vs time plots
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2.4. Voltage Transients

Voltage Transients (VT) are recorded in the same 3-electrode setup. Current-controlled stimulation
pulses are injected through the working electrode and returned through the counter electrode. The
voltage is measured between the working and reference electrode [22]. Typically biphasic, charge-
balanced current pulses are used (figure 2.6, top) [14]. The measured voltage (figure 2.6, bottom)
shows a fast voltage drop (V4) at the beginning of the phase, which is the ohmic voltage drop due to
electrolyte resistance, followed by a gradual voltage reduction (V,,g_¢ - cathodic, V,,g_ 4 - anodic) over
the interface of the working electrode.
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Figure 2.6: Voltage transient measurement. The top graph indicates the stimulation current pulses and the bottom graph
illustrates the voltage response on the electrode [3]

During fast biphasic pulses at intermediate voltages, charge transfer is mainly capacitive. However,
when the voltage is increased, the rate of faradaic reactions is also increased. 'Maximally safe charge
injection capacity’ (C1C,,..) defines the maximum amount of charge that can be injected without the
occurrence of water electrolysis [3]. During the VT measurements, the current of the stimulus pulse is
gradually increased until the V,z_c and V,,z_4 are just inside the water window. The current at that
point determines the CIC,,,. [3, 14]. The CIC,,., has been shown to be higher with a larger pulse
width. That is possibly due to non-uniform distribution of the current over the electrode area. During
short pulses, the central area of the electrode is not used [25].

In order to elicit a neural response, CIC in the order of hundreds of uC/cm? with pulse widths
between 100 s and 1ms is needed [4]. Changes in electrode characteristics after thousands of stim-
ulation pulses can give an indication of electrode stability [26].

2.5. Sheet resistance measurement
Sheet resistance is a key property for materials that are used as thin films, such as used in electrodes.
Since the ability to transfer signal depends on the conductivity of a material, lower sheet resistance
materials are desired for neural electrodes.

Sheet resistance can be measured with a two-point or a four-point technique. In a two-point mea-
surement, voltage (V) is applied on two ends of a thin rectangular structure and the current () is mea-
sured. The resistance R is then:

R_Vl
T JA

Where A is the cross-sectional area and | the length of the rectangle, respectively.

(1)
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The four-point measurement technique uses four probes connected to the material with equal spac-
ing. This technique is independent of the size of the sample measured and the contact resistance is
eliminated from the measurement. However, the sample should be flat and homogeneous and the
measurement probes should be far away from the measured area. The advantage of this technique is
that contact resistance is not included.

Van der Pauw structures, as depicted in figure 2.7, are generally used. Currentis set to flow between
A and B contacts (I45) and voltage is measured between C and D (Vop). The sheet resistance can
then be calculated by:

VCD T
R.= —x*x—— (2)
> Lp In2

Sheet resistance is expressed in /sq (ohms per square) to differentiate it from bulk resistance [27].

Figure 2.7: Van der Pauw structure for 4-point probe measurement

2.6. Optical transmittance

Optical transmittance measurements show how much light is absorbed by the material. Light with
various wavelengths is passed through the sample. The light intensity is measured before (I) and after
(Io) passing the sample and the transmittance (%T) is expressed as the ratio /1, [28].

Transmittance values from ultraviolet (UV) to infrared (IR) range (350 to 900nm) are important for
optoelectronic device materials. For calcium imaging, 50% transmittance is sufficient [29], however,
for optogenetics applications, the transmittance should be higher than 90% to reduce light-induced
artefacts during recording [17].

Example result of optical transmittance measurement is shown in figure 2.8.
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Figure 2.8: Optical transmittance measurement of graphene and chromium on PET substrate



Literature study

3.1. Transparent electrode materials

For optoelectronic devices, materials with high conductivity and broad-wavelength transparency are
needed. Indium tin oxide (ITO) is widely used due to relatively high transmittance (~80%) and very
good electrical conductivity, but the material is intrinsically brittle and therefore not suitable for flexible
implants. Metal nanomesh (15nm) [12] and ultrathin metals (<10 nm) [18] have been used to replace
ITO, which have better flexibility. They have been shown to endure thousands of bending cycles without
deteriorating sheet resistance, but poor adhesion to the substrates makes the morphology rough and
discontinuous, therefore the transmittance suffers (broad-wavelength transmittance ~60%) [18, 13].

Conducting polymers are an emerging material for optoelectronic applications. PEDOT:PSS, being
the most outstanding, has remarkable flexibility and transmittance, but the conductivity does not reach
that of ITO. Furthermore, PEDOT has shown to degrade over time in aqueous solutions, which is not
suitable for long-term implants [4].

Carbon-based materials are considered as transparent conductive materials, such as graphene,
graphene oxide, and carbon nanotubes (CNT). While CNTs have very high electron mobility and con-
ductivity, the random placement of the nanotubes on a large foil reduces the optical properties, and
therefore, is not preferred for optoelectronic devices. Graphene oxide has inferior transmittance and
conductivity to graphene. Therefore, graphene could be the preferred conductive material for flexible
and transparent devices [18].

3.2. Graphene
For optoelectronic applications, graphene has recently drawn a lot of attention. Graphene is one atom
thick layer of pure carbon atoms in a honeycomb lattice (figure 3.1a). It is an interesting material for
many applications due to the combination of properties such as optical transparency, flexibility, me-
chanical stability, high electrical conductivity, and biocompatibility [16, 30].

Graphene is a 2-dimensional (2D) material with long mean free paths for electrons, thus exhibits
a very high charge carrier mobility at room temperature [31]. The great properties of graphene are
related to the spatial arrangement of the carbon atoms. The material is composed of sp? hybridized
carbon atoms in a hexagonal lattice [32]. The symmetric distribution of valence band and conduction
band on two sides of the Fermi level is unique among 2D semiconductor materials. Furthermore, the
bands intersect at their extremities, forming Dirac cones (figure 3.1b), which makes graphene a zero
band-gap semiconductor. Due to this linear dispersion, the free electrons in graphene act as massless
particles, which is why graphene has high electron mobility [33].

12
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Figure 3.1: (a) lllustration of the hexagonal graphene lattice. (b) Electronic band structure of graphene and the formation of
Dirac cones [33].

Graphene has a very high transmittance (>90%) from UV to IR frequency range [13]. Monolayer
graphene absorbs ~2.3 + 0.1 % of the visible light [33]. It is possible to calculate the exact number
of graphene layers in multilayer graphene from the optical transmittance measurement. By dividing
the total absorbance of the multilayer with the monolayer absorbance, the number of layers can be
determined.

There are various methods to fabricate graphene. The first method to create a single layer of
graphene from graphite was discovered in 2004. It was the scotch tape method (exfoliation) developed
by Novoselov and Geim [32]. Later on, epitaxial growth, chemical oxidation-reduction of graphite, and
chemical vapour deposition (CVD) were developed [34]. CVD is the most commonly used method
since it is relatively inexpensive and scalable. CVD enables growing graphene on metal foils and thin-
films, e.g. Cu, Ni, Mo, and many others [30]. With this technology, large-area graphene sheets can be
fabricated [1].

The process of CVD, illustrated in figure 3.2, includes a gas species with carbon atoms (i.e. CH,)
passing through a hot chamber where the metal catalyst is previously annealed. In the chamber, hy-
drocarbon is decomposed to carbon radicals which then dissolve on the metal surface, resulting in
supersaturation. The process is usually done at high temperatures (800 to 1200 °C) [35, 36]. A higher
temperature has been shown to grow graphene with lower defect density [30]. There are two possible
methods for graphene growth: isothermal and precipitation. The isothermal growth process refers to
supersaturation being achieved via continuous exposure to hydrocarbon at a constant temperature.
The parameters that affect the thickness of graphene are the precursor pressure, catalyst thickness
and exposure time. Furthermore, carbon solubility and diffusibility of the catalyst affects the growth
[37]. During cooling, additional growth may occur when the carbon atoms precipitate or segregate to
the surface of the catalyst to form graphene films [36].

Graphene
CH, Methane Yo
CH, CH, CH, decomposing and w
carbon dissolving Cooling
e—p %°22%"%e e :
Ni e% o Ni

Figure 3.2: lllustration of CVD of graphene in Ni [35]

After graphene growth, it should be separated from the metal foil and transferred onto the desired
substrate based on the application. For that, polymethyl methacrylate (PMMA) is typically used. PMMA
is coated on top of graphene, after which the metal is etched. Next, the PMMA/graphene film will be
transferred to the target substrate and then PMMA is removed with acetone [35].

However, the transfer process can leave polymer residues and induce wrinkles or defects into the
graphene layer. A transfer-free graphene fabrication process has been reported by Vollebregt et al. [38].
Molybdenum (Mo) was deposited on a wafer with Si0O5 and CVD graphene was grown on the catalyst,
after which Mo was etched with phosphoric acid and the graphene layer attached to the substrate with
Si0+. Another advantage of this method is that Mo can be patterned before graphene growth, resulting
in location-specific growth of graphene [38].
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3.2.1. Raman Spectroscopy

To evaluate the quality of the graphene layer, Raman spectroscopy is used. The method is based on
the interaction of light with the chemical bonds within a material. A small amount of light from a laser
source is scattered at different wavelengths, which depend on the chemical structure of the analyte
[39].

Raman spectroscopy gives information about the presence of graphene, the number of layers, and
the number of defects in the layer. Generally, a laser with 514nm or 633nm wavelength is used. Three
distinct peaks can be observed: D peak around 1330 cm~! (with 633nm), G peak around 1580 cm !,
and 2D peak around 2700 c¢m ! (figure 3.3). The ratio between the intensities of D and G peak (Ip /1)
indicates the defects in the graphene layer. The higher the I /I, the greater the number of defects.
The G peak is related to the sp? carbon bonds and the 2D peak is related to the number of layers
present. The ratio between the intensities of 2D and G peak (Iop/I¢) is typically larger than 1 for
monolayer graphene and smaller than 1 for multilayer graphene [33, 13, 30].
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Figure 3.3: Raman spectroscopy of graphene on silicon oxide with identifiable D, G, and 2D peaks [40]

3.2.2. Graphene neural electrodes
Monolayer, as well as multilayer graphene, has been used to fabricate neural electrodes. In this section,
the characteristics of the electrodes made from both graphene from the literature will be discussed.

Reported CICs of microscale graphene electrodes are generally around tens of uC'/cm?, which is
lower than that of conventional materials like gold (50-350 1.C'/cm?) and platinum (4-10 mC'/em?) [41,
42]. Novel materials, like iridium oxide (IrOx) and PEDOT-CNT composition, have CIC in the mC'/cm?
range, which is substantially higher than graphene [4].

Since gold is commonly used for recording electrodes, due to the low impedance, monolayer graphene
electrodes were compared with 50 nm thick gold electrodes by Koerbitzer et al. [40]. Graphene was
transferred on a SiO, substrate with a polymer-free process. The impedance at 1kHz was 30% lower
for the gold electrode with equal size (0.31 mm?). In another work by Koerbitzer et al [43], electrodes
with the size of 700 um? of gold, graphene, and gold with graphene layer coating were fabricated. The
impedance at 1kHz was reported 1.08 4+ 0.46 M for gold and 2.65 + 0.46 M2 for graphene electrode
while gold-graphene showed the lowest impedance of 860 + 70 k2. Furthermore, the electrodes were
used for cell culturing for 4-6 weeks, after which the impedance for plain gold electrode was increased
an unexpected 34% while gold-graphene showed only 2% increase and bare graphene electrode did
not show any increase. Therefore, graphene exhibits stability and reliability in a biochemical environ-
ment. SNR for graphene electrode was reported 35.8 and 66.6 for the gold-graphene electrode [43].

The reported CICs were very different for the different electrode sizes. For 0.31 mm?2, the CIC was
shown to be greater for graphene electrode 0.8 mC'/cm? compared to gold 0.03 mC/em? [40]. For 700
um? size electrode The CIC was reported 0.15 mC'/cm? for graphene and 0.16 mC/cm? for gold. In
both cases, it does not reach the level of conventional materials such as TiN (0.87 mC/cm?) or IrOx
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(4 mC/cm?) that are used for stimulation electrodes. The CSC measured with 1 V/s scan rate was
reported 910 uC /em? for graphene and 730 pC'/em? for gold electrode [43]. CSCs reported for 0.049
mm? platinum electrodes are 4.1 + 0.4 mC'/em? smooth surface electrode and 10.4 + 1.2 mC'/cm? for

roughened surface electrode at 250 mV/s [42]. Whereas, CSC reported for TiN is 4.82 mC/cm? and
IrOx 21 mC'/cm? at 100 mV/s. [44].

; 1 Ir —+—  5iOy/graphene 1

LY —+—  Gold/graphene M

1000} ‘\‘]. 1 - Ged 1
[ L' R R2 b .

0.5

Impedance /k
Potential /V

TR L : ‘

?‘ e

—4—  SiO,/graphene n
+ Gold/graphene .
1t » Gold

Current /jp A

7\... ol ol DN ol o
107 0.01 0.1 1 10
Frequency /kHz

|
53
w

'
w
w
(=]
w
w
2]
(=]

Time /ms

(a) ®)

Current / nA

..... gold/graphene
_____ —= gold
- —— graphene

-15 L L L
-1 0

Potential / V

(c)

Figure 3.4: Impedance (a), voltage transients (b), and cyclic voltammetry (c) measurements on graphene, gold, and gold with
graphene coating [40, 43]

Biocompatibility is one of the most important properties of neural electrode materials. Graphene’s
biocompatibility has been studied with cell cultures. These studies show that human neural stem cells
cultured on graphene have a higher survival rate, enhanced adhesion, and improved differentiation
than on glass. However, cell culture studies have shown the biostability of graphene up to one month,
thus longer studies in vivo are necessary to confirm the biocompatibility of graphene [16, 4, 40].

Electrodes were fabricated with monolayer CVD graphene stacked into four layers with the PMMA
transfer method described in section 3.2, by Park et al. [17]. These were used for electrophysiology
recording with optogenetic stimulation and calcium imaging. Calcium imaging performed during elec-
trical stimulation showed minimal to no artefact with graphene electrodes, while platinum electrodes
obstructed the imaging (figure 1.4). The optogenetics experiments on mice showed light-induced arte-
facts in the measurements for both graphene and platinum electrodes. This can be due to increased

absorption by the multiple layers of graphene [17].

Another study, using a different method for transferring graphene monolayer, showed artefact-free
recording during optogenetic stimulation and integration with 2-photon imaging. Here, PMMA was
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spin-coated on graphene/copper bilayer, which was then connected to a cathode of a DC power supply
and anode submerged in NaOH in deionized water, which created hydrogen gas bubbles between the
graphene and copper layer and separated the graphene. That method avoided crack formation and
provided a high yield [45].

A summary of the properties of graphene neural electrodes found in the literature is given in tables
3.1 and 3.2. In these papers, the CV and VT measurements were done with different parameters. As
mentioned previously, a lower sweep rate for CV increases the CSC. Furthermore, different water win-
dows were used in these studies because the exact water window for graphene is unknown. Therefore,
a study of the safe window for charge injection for graphene would be very useful.

Table 3.1: Impedance at 1kHz of graphene vs metal electrodes with the same size

Graphene size (um?) Z at 1kHz metal Z at 1kHz reference
stacked multilayer 314 170 + 11.1 kQ gold 186 + 3.4 kQ2 [46]
monolayer 700 2.65 + 0.46 MQ gold 1.08 + 0.46 MQ2 [43]
monolayer 7 800 1 MQ gold 300 kQ [47]
stacked 4 layers 7854  286.4 + 92.6 k2 [17]
monolayer 10 000 1 MQ gold 300 k2 [29]
monolayer 10 000 963 k(2 [45]
stacked 4 layers 17671 248.7 + 125.0 kQ [17]
stacked 4 layers 17 671 243.5 £ 5.9k platinum 188.8 4+ 92.9 k) [48]
stacked 4 layers 31416 215.7 + 120.4 kQ [17]
monolayer 310 000 10.0 + 0.2 kQ gold 7.0 + 0.06 kQ [40]

Table 3.2: CSC and CIC of graphene electrodes

Graphene  size (um?) CSC (uC/cm?) sweeprate water window CIC (uC/ecm?) pulse width amplitude reference

monolayer 700 910 (total) 1Vis -14Vto1.2V 150 1ms 0.1-5 pA [43]
4 layers 17 671 87.8 (cathodic) 1V/s 06Vt 0.8V 57.13 0.5ms 10-80 pA [17]
monolayer 310 000 -0.6 V 800 5ms 1-500 A [40]

Graphene electrodes used for neural recording have shown sufficient SNR, however, the impedance
of monolayer graphene electrodes does not reach the level of the traditionally used gold electrode.
The CSC and CIC vary greatly between the electrodes, but it appears that they remain lower than for
currently used materials like Tin and IrOx. Optogenetics integration has shown to produce light-induced
artefacts in some cases, but calcium imaging is not affected with the graphene electrode. Short-term
cell culture studies have shown the biostability of graphene, but further investigation is required. Based
on the literature, graphene has potential for neural recording application, however, CSC and CIC should
be improved for stimulation.
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3.3. Methods for improving electrical characteristics of graphene

electrodes

Previously developed graphene electrodes have shown to be able to record with high SNR but the
impedance compared to conventional materials is still high. Since SNR during recording is reciprocal
to the electrode impedance, a lower impedance is desired. In addition to recording, electrodes are
also used for stimulation. The CSC and CIC for small-size graphene electrodes are too low to inject a
sufficient amount of charge for activation of neural structures.

Various methods to improve the electrical characteristics of neural electrodes have been developed.
Techniques that can be integrated with graphene without losing the advantageous properties are adding
layers of graphene, chemical doping, and surface modification with nanostructures. These methods
have been shown to increase the conductivity of graphene without losing flexibility or transparency.
The effects of these methods on the impedance, CSC, CIC, and transmittance of graphene neural
electrodes reported in the literature are described in the following section and summarised in table 3.3.

3.3.1. Stacking graphene layers

Stacking multiple graphene layers provides additional transport paths for the charge carriers, which
increases the conductivity of graphene. Several layers of graphene were stacked to see the effect on
sheet resistance by Lee et al. [49] and Kasry et al. [50]. A trade-off between conductivity and optical
transmittance has been reported [13, 49, 50]. With each added graphene layer the transmittance is
reduced and conductivity improved. A lower number of graphene layers is more cost and time effective
but more layers enhances mechanical and electrical reliability [13]. Optical transmittance is reduced
due to the added graphene layers but also due to the polymer residues on each layer from the transfer
process. Lee et al. [49] reported the differences of stacking monolayers and bilayers. Using bilayers
reduces the number of transfers, and thus, the polymer residues, and results in higher transmittance.
Furthermore, since the transfer process can induce defects to the graphene lattice, fewer transfers
show lower sheet resistance (figure 3.5) [49].
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Figure 3.5: (a) Transmittance of stacked graphene monolayers (SLG) and bilayers (BLG). (b) Sheet
resistance of stacked undoped and nitric acid doped monolayers (SLG) and bilayers (BLG) [49].

3.3.2. Chemical doping
Chemical doping of graphene can be achieved with acids ( H,SO,4, HCI, HNOs, etc.) or metal chlo-
rides (Au, Ir, Os, Pd, etc.). Among those, nitric acid (H N O3) doping has been widely used [51].

Pristine graphene exhibits high charge carrier mobility but very low intrinsic carrier density. Nitric
acid (HNO3) has been used to dope graphene to increase the number of charge carriers. Nitric acid
doping is an adsorptive type, which is far less invasive than substitutional doping. Thus, it does not
alter the graphene lattice or perturb the unique properties of graphene [52].

D’Arsie et al. [52] have hypothesised the mechanism behind nitric acid doping of graphene. The
H N O3 molecules are physisorbed onto the graphene, thus the C-C bonds are not broken. The molecule
then dissociates into two radicals NOY and NOY, and water, which are all physisorbed. These radi-
cals have a singly occupied state below the Fermi energy of graphene. Two electrons from graphene
transfer into these states, forming holes in the graphene and giving it p-type doping [52].

They reported that sheet resistance of graphene was lowered more with higher concentration and
temperature of nitric acid, whereas exposure time did not have an effect. 65% Nitric acid treatment
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resulted in a 90% reduction in sheet resistance. Thermal stability was addressed with post-annealing
up to 300°C, which showed that higher acid concentration and temperature samples were more stable.
Raman spectra show I /I ratio around 0.03, which proves the non-destructive nature of nitric acid
doping. Furthermore, nitric acid doped graphene showed high optical transmittance of 97.4% [52].
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Figure 3.6: (a) Optical transmittance dependence on the number of layers and nitric acid doping. Sheet resistance
dependence on the number of layers and nitric acid doping [50].

Lee et al. [49] and Kasry et al.[50] have reported sheet resistance values for different numbers of
stacked doped layers of graphene. Doping was shown to reduce sheet resistance by a factor of 3,
resulting in 90 ©/sq with a transmittance of 80% for 8-layer graphene. Two different doping methods
were used: either each layer was doped separately and then stacked, or layers were stacked first and
then doped in the end. Sheet resistance was comparable in both cases, but transmittance was higher
for the inter-layer doping method (figure 3.6). This is probably because the polymer residues between
the layers are cleaned [50]. These results indicate that nitric acid doping should also work for CVD
multilayer graphene.

Lee et al. [49] also characterised changes in sheet resistance with strain and compared to other
materials. At the 2.14% strain, while graphene sheet resistance increased 10-15%, ITO showed an
enormous 321% increase, proving the superior flexibility of graphene over ITO.

Nitric acid doping was used to enhance the conductivity of nanopatterned graphene by Choi et
al.[53]. Via nanopatterning, areas of graphene were removed, and thus, the conductivity was lowered
by a factor of 15. At the same time, transmittance enhanced from 85% to 98%. With nitric acid doping,
the sheet resistance was lowered to the level of non-patterned graphene while maintaining the high
transmittance [53].

3.3.2.1. Nitric acid doped graphene electrodes

A closed-loop optogenetics system was developed by Liu et al. [47]. Monolayer graphene was doped
with 35% and 70% nitric acid for 30 seconds. Impedance measured at 1kHz was lower for higher
concentration HNOj (figure 3.7). Simultaneous optogenetic stimulation and electrical recording were
achieved without light-induced artefacts with graphene electrode, whereas gold electrode exhibited
prominent artefacts [47].
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Figure 3.7: Impedance at 1kHz for graphene doped with different concentrations of nitric acid [47].
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Figure 3.8: Cyclic voltammetry (a) and impedance (b) measurements on gold, graphene, and nitric acid doped graphene [54].

Nitric acid doped monolayer graphene electrodes were fabricated by Kuzum et al. [54]. 70% nitric
acid was used for doping. Impedance measurements (figure 3.8a) of 2500 pm? electrodes show that
with doping, the impedance of graphene was closer to that of the gold electrode. Furthermore, CV
measurements show increased CSC for doped graphene (figure 3.8b). In vivo neural recording was
performed on rat models, which showed SNR 40.8 [54]. That is higher than previously reported 35.8
[43]. Calcium imaging showed that neurons under the graphene electrode are clearly visible without
any light-induced artefact (figure 3.9), which shows the compatibility of nitric acid doping with optical
modalities [54].

A platform with graphene electrodes for electrical and optical monitoring of human stem cell-derived
cardiomyocytes was developed by Rastogi et al.[55]. The monolayer graphene was doped with 69%
HNOs for 2 hours. Cell viability was not affected by the graphene with nitric acid doping [55].

Figure 3.9: Calcium imaging with confocal and two-photon microscopy. Nitric acid doped graphene electrode can be seen as a
square with darker edges. The cells under the electrode are clearly visible [54]

3.3.3. Surface modification

Electrodes with a larger size have lower electrical impedance, but smaller electrodes have a better
spatial resolution. This trade-off can be solved by maximizing electrochemical surface area while main-
taining the small geometrical surface area of the electrode [2]. Increasing the electrochemical surface
area also increases the capacitive double-layer at the electrode-tissue interface and thus the magnitude
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of capacitive charge transfer [14]. Therefore, the CSC and CIC are also improved, which are important
for stimulation electrodes [16].

To increase the electrochemical surface area, surface modification has been used with various
electrode materials [34]. These techniques include metal coatings, metal nanostructure (nanopillar,
-rod, -flake, -grain) coating, carbon-based material (CNT, graphene) coating, composite material (CNT-
Au composite) coating [2]. Metal coating over the electrode area would impede the light transmittance
and is therefore not suitable for optogenetics application. Metal nanostructures, however, could be an
option. Nanoparticles have been used widely since they have a high surface-area-to-volume ratio. Gold
nanoparticles are favoured for this purpose due to their high specific surface area, high conductivity,
and biocompatibility [34]. Another method to increase the electrochemical surface area is to use porous
material [26].

3.3.3.1. Porous graphene electrodes

Porous graphene is achieved by laser pyrolysis by Lu et al. [26]. The resulting 3D graphene foam
(figure 3.10) electrodes showed great capabilities. Chemical doping with nitric acid was adopted to
improve the electrode even further. The impedance at 1kHz for the gold electrode (62 500 m?) was
measured 27.3 k€, which was compared to graphene (90 000 um?), which showed 637 2 for undoped
and 519 ) for the doped electrode. Impedance remained stable over 28 days in saline. The CIC for un-
doped porous graphene was reported 2 mC'/cm?, which was increased even further with doping to 3.1
mC'/em?. This result is greatly above the monolayer and multilayer graphene electrodes mentioned
earlier (up to 0.8 mC/cm?). Even after 1 million stimulation cycles, electrodes did not show delam-
ination or degradation. Furthermore, in vivo tests showed that porous graphene electrode is viable
for recording as well as stimulation without tissue damage [26]. However, the transparency of porous
graphene is not sufficient for combining with optical modalities. Furthermore, the laser resolution is not
sufficient to create electrodes smaller than 250 pm in diameter. To reduce the size, using a shadow
mask is suggested [26].

Figure 3.10: Porous graphene achieved with laser pyrolysis. Scale bar: 2um. [26]

3.3.3.2. Nanoparticle production methods

Nanoparticle production methods are divided into two categories: top-down, where the particle size
is reduced, and bottom-up, where the particles are created from chemicals. Top-down refers to the
mechanical crushing of the source material, therefore the size range of the particles is broad and there
is no control over particle shapes. The bottom-up method, where structures are built up by chemical
processes, is based on physicochemical principles of molecular and atomic self-organization. This
approach produces more complex structures with better control over size, shape, and size ranges [56].
These methods include liquid phase and gas phase techniques:

* Liquid phase: The precipitation of solids from a metal ion-containing solution [57]. Electrodepo-
sition has been used for electrodes. It is a process where a potential difference is applied to
an electrode at an electrolyte interface resulting in electron transfer between the electrode and
ionic species in the electrolyte and the subsequent deposition of atoms of that species onto the
electrode [58].

» Gas phase: particles are created by producing a vapour of the product material using chemical or
physical means. Further particle growth involves condensation (transition from gaseous into the
liquid aggregate state), chemical reactions on the particle surface and/or coagulation processes
(adhesion of particles), as well as coalescence processes (particle fusion) [57].
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3.3.3.3. Spark Ablation

The spark ablation method is one of the gas phase nanoparticle production techniques. It includes
generating electrical discharges between two electrodes of a desired conductive material and an inert
gas to carry the nanoparticles to the substrate (figure 3.11). The spark plasma ablates material from the
electrodes, from which nanoparticles form by condensation. Each spark produces a small vapour cloud
which is rapidly mixed into an inert gas flow and starts cooling. That results in supersaturated vapour
where atomic clusters start to form by condensation, which further combine into larger particles. Thus,
the particle size can be regulated by varying the gas flow, which changes the time that the particles have
to coagulate. Furthermore, by changing the current that runs through the electrodes, the frequency of
the spark is altered, and thus, the number of nanoparticles produced per unit time. The process creates
a highly concentrated aerosol of nanoparticles which can be directly printed on a substrate. The particle
size is typically between 5 and 20 nm [59].
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Figure 3.11: Spark ablation technique to create nanoparticles.

3.3.3.4. Nanoparticles on graphene electrodes

Graphene with gold particles has been fabricated by Gunes et al. [60]. Gold particles and ions are
formed on the graphene surface by AuCl3 doping. Doping was done separately for four layers, which
were then stacked, or doping was done after stacking. Sheet resistance and transmittance were as-
sessed and compared to ITO and nitric acid doped graphene. AuCl3 doping showed a greater reduction
in sheet resistance than H N O3, while transmittances were similar. There are no significant differences
between layer-by-layer (LbL) of top-doped methods at first. The samples were exposed to air for 21
days, during which the LbL method showed better stability (figure 3.12 [60].
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Figure 3.12: (a) Sheet resistance and transmittance measurements of pristine (black), nitric acid doped (blue), and gold doped
(red) graphene. The numbers in the markers indicate the number of graphene layers. (b) Stability assessment showing the
change in sheet resistance over time [60].

Graphene electrodes with platinum nanoparticles have been reported by Lu et al. [29]. The author
claims that graphene has high impedance due to the limitation of quantum capacitance, which could
be overcome by creating an alternative conduction path with nanoparticles at the electrode-electrolyte
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interface. Platinum nanoparticles would serve as a redox catalyst at the interface and increase the
amount of faradaic charge transfer.

Electrodeposition of platinum with various time periods was done. Different coverages of the elec-
trode surface were achieved (figure 3.13), which also affected the characteristics. Impedance and
transmittance show a reduction, and CSC an enlargement with increased platinum deposition time. In
figure 3.14 comparison between gold, bare graphene, and graphene with platinum nanoparticles can
be seen. At 1kHz, graphene with nanoparticles can achieve a 100 times reduction in impedance, but
at the same time, the transmittance is reduced to <40%.

Electrodes were tested in vivo for simultaneous electrophysiology recording and two-photon calcium
imaging. It was concluded that platinum nanoparticles did not impact the imaging even with the highest
coverage, thus adding metal nanoparticles can be a viable solution for optoelectronic devices.
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b

Figure 3.13: Scanning electron microscope images of platinum nanoparticles on graphene. a—c) coverage 14.65%, 67.27%,
and 88.22% of the graphene surface for 5, 20, 50 s depositions respectively [29]
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Figure 3.14: EIS, CV, and transmittance measurements for gold (magenta) bare graphene (black) and graphene with platinum
nanoparticles with various deposition durations [29]
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Table 3.3: Improved graphene electrodes

0,
Graphene doping size (um?) Zat 1kHz T reference
Before After
Porous 70% nitric acid 90 000 637 Q 519 Q . [26]
graphene
monolayer 70% nitric acid 2500 541 k2 [54]
monolayer 69 % nitric acid 2 500 21+203MQ 1.5+02MQ  97.7% [55]
monolayer 35% nitric acid 10 000 1.4 MQ 872 k2 >90% [47]
platinum 100 k2 (5sec) >90% (5sec)
monolayer nanoparticles 10000 1M 15 k2 (30sec) >50% (30sec) [29]
Graphene doping size (um?) Before After water window  reference
Porous o) i CIC before: CIC after:
graphene 70% nitric acid 90 000 2 mC Jem? 3.1 mCfem? -1.5Vt0 0.8 [26]
CSC before: CSC after:
e -0.8Vt00.8V
0, 2 i 2
monolayer 70% nitric acid 2500 735 pC/em?* 1953 uC/em (200 mV/s) [54]

(total)

(total)

3.4. Summary of the literature review

An ideal neural electrode is small in size, to have a good spatial resolution, and flexible to reduce
tissue damage. Recording electrodes should have low impedance for high SNR recording and stimu-
lation electrodes require large CSC and CIC to be able to induce neural activity. The electrode should
be stable and reliable for a long period of time. To increase the spatiotemporal resolution compared
to conventional techniques, electrical and optical modalities can be integrated. For this application,
many transparent conductive materials have been researched and graphene has shown a lot of poten-
tial. Graphene has dramatically better flexibility than ITO and higher broad-wavelength transmittance
compared to ultrathin metals. It is also biocompatible and stable.

Transparent graphene electrodes would allow simultaneous optogenetic stimulation and electrical
recording, which can improve neuroscience research. Furthermore, imaging of various biological pro-
cesses under the electrode during electrical stimulation can help to discover the mechanisms of elec-
trical stimulation and neurons’ connections in more detail. Combining two-photon imaging and surface
recording enables measuring the concurrent activity of the surface and deeper layers. This technology
would allow for more accurate neural disorders detection and treatment.

Although graphene has many great properties, the 2D flat surface limits the charge injection capa-
bilities. It also affects the electrode-tissue interface, resulting in higher impedances than conventional
electrode materials. Several methods have been researched to improve the electrical characteristics
of graphene electrodes. Porous graphene can be fabricated by laser pyrolysis, which shows substan-
tial improvement of CSC and CIC, but it cannot be combined with optical modalities due to opacity.
Stacking multiple layers of graphene has shown a trade-off between conductivity and transmittance,
but transparency to some level is maintained. However, optogenetics experiments have shown light-
induced artefacts with a multilayer graphene electrode but not with a monolayer. Nitric acid doping
has been shown to improve the conductivity of graphene without lowering transmittance, although
the reduction in impedance is not sufficient to scale an electrode for single-cell resolution, it could be
used to improve monolayer graphene for optogenetics application. Adding metal nanoparticles on the
electrode surface has shown a great improvement of impedance and CIC, but that is on account of
transmittance. Nanoparticles did not affect imaging neural activity, but the impact on simultaneous
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optogenetic stimulation and electrical recording has not been investigated.

Comparing electrochemical characteristics of graphene electrodes is troublesome because the ex-
act water window for graphene is unknown. Therefore, a systematic study of the charge injection safety
window for graphene should be done. Furthermore, different parameters have been used for CV and
VT measurements, which means the results are not comparable. Specific and relevant characterisation
settings should be agreed on.

The improvement methods for graphene should also be researched further. The effect of different
thicknesses or nitric acid doping of multilayer graphene on the electrical characteristics relevant to
neural electrodes has not been reported. Furthermore, the stability of nitric acid doped and nanoparticle-
modified graphene after a large number of stimulation pulses has not been measured. Stability testing
in a biological environment would be valuable as well. How metal nanoparticles on graphene affect the
light-induced artefact caused by optogenetics during recording should be studied.

To summarise, graphene is a suitable material for optoelectronic devices. In order to use graphene
electrodes for high SNR recording and tissue stimulation, electrical characteristics should be improved.
Stacking graphene layers, nitric acid doping, or adding metal nanoparticles are promising methods to
achieve that for graphene neural electrodes.



Methods

The first goal of this project is to fabricate graphene electrodes and characterise them with neural
electrode characterisation techniques. In this work, graphene electrodes are created using a microfab-
rication process which is described in this chapter. Electrochemical characterisation tools are used to
assess the performance of these electrodes. The measurement details are given in this chapter. Fur-
thermore, for optical transmittance measurement, graphene had to be transferred onto a transparent
substrate. The transfer method will be presented.

The second goal of this project is to evaluate the effect of various improvement methods on multi-
layer graphene electrode’s performance. For that, graphene with different thicknesses is achieved by
varying the time in the CVD process. Gold, platinum, and gold and platinum alloy nanoparticles are
deposited on the surface of graphene electrodes with spark ablation technology. Nitric acid is used for
p-type doping of graphene. Electrochemical measurements are performed before and after introduc-
ing the improvement method to quantify the effect. Details of these processes are described in this
chapter.

4.1. Graphene electrodes and van der Pauw structures fabrication
The flexible implants with graphene have been developed in the group earlier by Velea [61] and Ward-
hana [62]. The final design consisted of graphene electrodes and tracks with PDMS encapsulation.
However, the full fabrication process for these implants is time-consuming and complex. To have more
devices faster for electrochemical characterisation, a simpler design was opted.

Microfabrication techniques are used to create the electrodes on a wafer level, which provides
accuracy and reproducibility. The process flow of the fabrication of the graphene electrodes used in
this work is described in this section. The fabrication was done in Else Kooi Laboratory (EKL) at TU
Delft.

Graphene electrodes used in this work were fabricated on a single side polished, 500 pm thick,
4-inch silicon wafer. All structures were fabricated on the front side of the wafer. The process started
with growing 300 nm wet thermal oxide at 1000°C on the wafer to electrically insulate the graphene
structures from the wafer. After that, 50 nm of molybdenum (Mo) catalyst was sputtered at 50°C and
patterned with the photolithography process. The masks used for photolithography were designed by
Velea for spinal cord implants for mice [61]. Next, 2.1 um of positive photoresist SPR3012 was spin-
coated on the wafer and exposed with UV light through a chromium mask with the implant structure
designs (figure 4.1a). The photoresist was then developed with Shipley MF322 developer, after which
the photoresist remained only on the areas of the desired structures. Molybdenum was dry-etched in
Trikon 2mega 201, or AMS110 when Trikon 2mega was unavailable. After that, the photoresist was
removed with oxygen plasma.

25
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(a) (b)

Figure 4.1: (a) Mask for Mo etching with graphene structures design. (b) Mask for openings of electrodes and
contact pads.

Next, graphene was grown on the Mo catalyst using CVD in the Aixtron BlackMagic tool. The
previously determined standard recipe at 915°C resulted in low quality graphene. Raman spectroscopy
did not show distinct peaks, as seen in figure 4.2a. This was possibly due to the decrease in the amount
of power supplied. The heaters and thermocouples in the tool had been swapped and it may have
changed the heat coupling, however, the exact cause is unknown. A new recipe was created, where
the bottom heater of the chamber was set to 950°C and the top heater to 1050°C. Preannealing of Mo
was done for 20 min to remove oxidized Mo from the surface, after which C H, was introduced to the
chamber for 20 min. To achieve thicker graphene, C' H, was kept in the chamber for 40 min or 60 min.
Raman spectroscopy of the resulting graphene is given in figure,4.2b which shows pronounced peaks
and a low D peak, demonstrating higher quality graphene.

Graphene grown at 915°C Graphene grown at 850°C (bottom heater) + 1050°C (top heater)
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Figure 4.2: (a) Raman spectroscopy of graphene grown at 915 °C. (b) Raman spectroscopy of graphene grown with
bottom heater at 950°C and top heater at 1050°C.

In this work, a transfer-free process for graphene fabrication is used, inspired by Vollebregt et al. [38].
Mo can be etched from under the graphene with hydrogen peroxide (H,Os). At first, wet etching of Mo
with H,O, was tried after graphene growth. The graphene layer should attach to the SiO,. However,
the adhesion is not sufficient and many structures broke during rinsing due to the large dimensions and
lack of polymer support. Dry etching with SF; gas was then tested in the AMS110 tool. However, that
method introduced many defects into the graphene layer, based on Raman spectroscopy assessment
before and after Mo etching. It could be possible to develop the etching recipe further, but since it falls
out of the scope of this thesis, it was not pursued. It was then decided to etch Mo under graphene in
the later steps.
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To insulate the tracks from the saline during measurements, 4 um thick photoresist AZ ECI 3027
was spin-coated on the wafer. It was then exposed, using a mask with contact and electrode openings
structures (figure 4.1b), and developed. For some samples, wet etching of Mo with H,O, was done
after adding the photoresist. Thus, Mo was removed on the contact and electrode openings. After
that, the wafer was manually diced using a diamond cutter. Stainless steel 7-strand wire with 76.2 um
bare diameter (139.7 um with coating) was bonded to the contact pad of the device with silver (Ag) ink.
The wire was further secured with a drop of PDMS over the contact pads area. For later samples, Mo
etching on the electrodes was done only after wire bonding, as shown in figure 4.3, thus, leaving Mo
still under the graphene on the contact pad. This was done to improve the contact between the wire
and the sample. The fabrication process is illustrated in figure 4.5, where the different order of steps is
shown in the end.

y

Figure 4.3: Etching of Mo only from the electrodes by only half of the device being inside the H205.

The final structure of the graphene electrode is shown in figure 4.4. The electrode openings have a
diameter of 340 um. The width of the Mo + graphene track is 70 um, and the size of each contact pad
is 650 x 510 um. As seen in figure 4.4, the wire was bonded to only one contact pad on each device
to avoid an accidental connection between two contact pads.
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Figure 4.4: The final structure of the graphene electrode device. On the close-up image, graphene is with the darker purple
color and silicon oxide under it with lighter pinkish color. The yellow circle around the electrode is Mo under photoresist, which
is not etched.
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Figure 4.5: The scheme of the fabrication process of graphene electrodes.
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To measure sheet resistance, van der Pauw like structures were used (figure 4.6a). During the
lithography step after Mo deposition, exposure was done with 2 masks. For half of the wafer, previously
shown graphene structures mask was used, and for the other half, a mask with van der Pauw structures
was used. Furthermore, for the insulating photoresist, half of the wafer was exposed with the contact
and electrode openings mask, and the half with van der Pauw structures was completely exposed, so
there would be no photoresist left on that half. The resulting structures are shown in figure 4.6b. Dots
with Ag ink were added to the extremities of the structures to reduce damage to the graphene when
placing measurement probes on it. Furthermore, the dots were added only to three structures out of
the group of six to prevent multiple current paths.

(a) (b)

Figure 4.6: (a) A group of six Van der Pauw like structures used for 4-point measurements. (b) Wafer with half
implant structures and half van der Pauw structures.

4.2. Graphene transfer

Like mentioned before, the graphene electrodes in this work are fabricated on a silicon wafer and not
on a transparent substrate. Therefore, for optical transmittance measurements, graphene had to be
transferred to a glass slide.

The method used in this work is different from the techniques mentioned in the literature. A full
wafer of graphene was grown on non-patterned Mo. The wafer was then manually diced into roughly
2 c¢m? pieces. These were then placed in a beaker where H,O, was added just until the height of the
silicon piece with graphene. Mo then started to etch from the sides towards the centre, as illustrated in
figure 4.7. After all the Mo was etched, the graphene was separated from the silicon piece and floated
on the surface of the liquid while the silicon fell to the bottom of the beaker. DI water was then added
very gently with a pipette until the level of the liquid rose about 2 cm. The floating graphene was then
scooped on the glass slide. In the case when graphene kept slipping away, 1 drop of Triton X-100 was
added to 1 litre of DI water and 50 ml of triton-water solution was added to the H>O- in the beaker to
reduce surface tension. The resulting glass slides are shown in figure 4.8

Mo starts etching from the edges Mo etched Mo still to be etched separated graphene and silicon tir;1e

Figure 4.7: The Mo etching process for graphene transfer to a glass slide.
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Figure 4.8: Graphene grown for 20 min (a), 40 min (b), and 60 min (c) transferred to a glass slide.

4.3. Nanoparticle deposition
One of the methods to improve the electrical characteristics of graphene is adding nanostructures to
its surface. In this work, gold and platinum nanoparticles were chosen. Gold nanoparticles (AuNPs)
have a high surface-area-to-volume ratio, and therefore, are expected to increase the electrochemical
surface area, and in turn, lower the impedance [34]. Platinum is a traditionally used material in stimu-
lation electrodes. Adding platinum nanoparticles (PtNPs) on the surface of graphene should increase
the amount of faradaic charge transfer over the electrode-electrolyte interface and thus, increase the
CSC [29]. Furthermore, gold and platinum alloy nanoparticles (Au+Pt NPs) have shown to possess
nanoporosity [63]. Thus, with the very rough surface, they could improve the electrical characteristics
even further. In this work, gold, platinum, and gold and platinum alloy nanoparticles are used.
Nanoparticles were deposited using spark ablation technique with VSP-G1 nanoparticle generator
connected to VSP-P1 nanostructured material printer (VS Particle) shown in figure 4.9. The spark
ablation technique is advantageous for this project since it is a local and dry process. That means it
can be used with soft polymers, which are used for encapsulation of the implants. Soft polymers can be
permeable for vapours, and thus, wet chemical processes should be avoided. With the spark ablation
technique, no further processing steps are required, which makes it also time-effective. Furthermore,
the size of the nanoparticles produced with this technique is 5-20 nm. The ratio between the increase
in the surface area and the area obstructed for light is larger for smaller nanoparticles. Thus, better
electrical characteristics and optical transmittance is expected compared to the 100-200 nm Pt NPs
reported in literature [29].

Figure 4.9: (a) VSP-G1 nanoparticle generator and VSP-P1 nanostructured material printer (VS
Particle). (b) Devices and a glass slide in the chamber of the printer.
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Optimisation of the printing parameters had to be done to achieve less than a monolayer nanopar-
ticle coverage with various densities. The spark was generated with 1 kV, and the argon gas flow
between the electrodes was set to 1.5 I/min. The current was first set to 8mA, which resulted in too
thick layers of nanoparticles for this project. Therefore, the current was lowered to 3mA to achieve
transparent layers. For Au+Pt NPs, the gas flows from two generators - one with gold electrodes and
one with platinum electrodes - were combined and the Au NPs and Pt NPs combined during agglom-
eration. The settings for the generators were identical: 1kV, 3mA, and 1.5 I/min gas flow for each
generator. The outputs for Au and Pt with the same parameters are different. With the settings used
in this work, maximum output for Au is 1.49 mg/h, and for Pt 0.93 mg/h. Thus, the expected ratio of Au
to Pt in the allow nanoparticles is roughly 6:4 [64].

The first tests included printing in one location for one second. This is the minimum recommended
time for printing. Lower than that, the aerosol flow does not have time to stabilise and the result could
be not reproducible. However, the desired density was not achieved. The nanoparticles were then
printed in a line over the electrode area. The diameter of the electrode is 340 ym. Depending on the
nozzle height (distance from the substrate), the line widths were between 400 pm and 650 pm with
0.8 to 1.6 mm nozzle height. Therefore, the line width is enough to cover the electrode area, however,
that did not result in a homogeneous coverage. A pattern with several overlapping lines printed at high
speeds was then opted for. To make sure that the whole electrode area is covered, a square with 500
um width was printed by moving the nozzle back and forth with 100 um stitching distance. The pattern
is illustrated in figure 4.10a. Nanoparticles were also printed on glass slides for optical transmittance
assessment in a 5x5mm square, shown in figure 4.10b.
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Figure 4.10: (a) The printing pattern with overlapping lines used in this work. (b) Nanoparticles printed on a glass
slide in a 5x5 mm square. The darker dots show the corners of the printed squares.

The densities were calculated from Scanning Electron Microscope (SEM) (Hitachi Regulus 8230)
images taken with 3kV and 50000x magnification. The grey-scale SEM images were converted to black-
and-white images (figure 4.11) using MATLAB R2019b (MathWorks). The pixels of the image were
considered white if the luminance was higher than 0.45. The white pixels represent the area covered
with nanoparticles and the percentage of white pixels out of all pixels was considered the density of
the nanoparticles. The densities of gold and platinum nanoparticles were measured for various printing
speeds and nozzle heights from the substrate. Unfortunately, due to lack of time Au+Pt NPs densities
could not be optimised, so they vary from the other densities. The desired densities were 10%. 25%,
and 50% coverages. The final print settings used and densities calculated based on 4-8 SEM images
for Au, Pt and Au+Pt NPs are given in table 4.1.
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Table 4.1: The nanoprinter settings and achieved densities of NPs

Generator settings  1kV, 3mA Nozzle height 1.2 mm Pattern size 500x500 pum
Gas (Ar) flow 1.5 I/min Nozzle size 0.2 mm Stitching distance 100 pum

Au NPs Pt NPs Au+Pt NPs

Nozzle speed Density Nozzle speed Density Nozzle speed Density

100 mm/min 47.3 £5.6 % | 70 mm/min 474 +£2.0% | 170 mm/min 293+05%
300 mm/min 262+47% | 215 mm/min 221 £ 1.7 % | 515 mm/min 146 +£16%
900 mm/min 104 £0.2% | 660 mm/min 82+ 0.1% 1550 mm/min 6.4+05%

Original Image

(a)

BW Image
-

Figure 4.11: (a) The original grey-scale SEM image. (b) The SEM image converted to a black-and-white image.

4.4. Nitric acid doping
Nitric acid doping has shown to give graphene p-type doping, and thus, improve the electrical charac-
teristics [52]. Furthermore, higher concentration acid has shown to lower the impedance more [47]. In
this work, 69.99% H N O3 and a diluted acid with 35% concentration was used.

As mentioned earlier, photoresist was used as the top insulating layer on the devices. When placing
the devices in the 69.99% H N O3, the photoresist was removed (figure 4.12). To avoid that, the samples
were baked for 1h at 70°C, after which the photoresist was not significantly damaged based on visual
inspection with a microscope.

Figure 4.12: Electrodes (a) and contact pads (b) damaged after nitric acid doping.

(b)
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Since HNOj also etches Mo, the last process step of removing Mo from the electrodes and H NO3
doping were done simultaneously. However, since the measurement results of pristine graphene can
vary, it was not possible to quantify the potential improvement. Therefore, for later samples, Mo was
etched first with H,0O, and the before-measurements were carried out. After that, the H N O treatment
and after-measurements were performed (figure 4.13). For the H NOj3 treatment, the electrodes were
submerged in H N O3 for 4 minutes and then rinsed in DI water for 4 minutes.

Figure 4.13: (a) The electrode before Mo etching. (b) The elestrode after Mo is removed with H2O>. (c) The electrode after
HNOg3 treatment

4.5. Electrochemical measurements

CV and EIS were used to assess the electrochemical properties of the graphene electrodes. The
measurements were performed in a three-electrode set-up (WE, CE and RE). The electrodes were im-
mersed in phosphate-buffered saline (PBS) and kept inside a Faraday cage during the measurements.
The device with graphene electrode served as the WE and only the half of the device with the electrode
was immersed in saline. The RE was places as close to the graphene electrode as possible, while the
CE was in the bottom of the beaker. All the electrodes were connected to a potentiostat (Autolab PG-
STAT302N) which was used to set the voltage and measure the current. The set-up is illustrated in
figure 4.14.

Figure 4.14: (a) Three-electrode set up immersed in PBS. (b) Autolab potentiostat used for CV and EIS
measurements.
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4.5.1. Electrochemical impedance spectroscopy

A sinusoidal voltage waveform with 10mV RMS was used for EIS. The frequency ranged from 1 Hz to
100 kHz. The graphene electrode was used as the working electrode, a platinum electrode served as
the counter electrode and at first, silver/silver chloride (Ag/AgCl) as the reference electrode. During EIS
measurements it was noticed that the phase in the high-frequency range is returning to higher values
which was not expected (figure 4.15a). This might happen due to the high intrinsic impedance of the ref-
erence electrode. Thus, the reference electrode was switched to platinum wire for EIS measurements
which solved that issue (figure 4.15b).
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Figure 4.15: EIS measured against (a) the Ag/AgCl reference electrode and (b) against a platinum wire.

4.5.2. Cyclic voltammetry

As mentioned earlier, the water window for graphene is not exactly known. Therefore, the first devices
were used to determine the approximate water window. As seen in figure 4.16a, at the lower potential
limit the current peaks and does not stabilise after that, which means that the water reduction is already
happening. In figure 4.16b, water oxidation is shown. Based on this, the water window for this work
was chosen to be -0.8 V to 0.6 V (figure 4.16¢). This was used as the CV potential range for all the
electrodes (if not mentioned otherwise).
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Figure 4.16: (a) Water reduction is demonstrated at the low voltage. (b) Water oxidation is shown at high voltage. (c) CV with
the water window chosen after analysis.

The CV measurements were performed with various sweep rates. As mentioned in the literature,
the CSC depends highly on the sweep rate. Thus, to compare the results with the ones reported in the
literature, the same sweep rate should be used. In this work, the following sweep rates were used: 0.1
Vis, 0.2 Vs, 0.6 V/s, and 1.0 V/s. The CV scan started at 0 V, then the potential increased until the
upper limit (0.6 V). Next, the potential decreased to the lower limit and after that reached back to 0 V.
The scan was repeated 3 times to stabilise the signal, and the third scan was used in the calculation of
CSC.

The measurement data was then imported to MATLAB, where the voltage data was converted to
time using the sweep rate and the current is divided with the electrode area (90 792 um?) to obtain
the current density. CSC is calculated from the time integral over the current measured during the
CV. For cathodic CSC, only the negative current part is considered. The integral is calculated using a
trapezoidal numerical integration. The CSC is typically expressed in uC'/cm?.
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4.6. Four-point measurements

Four-point probe measurements were performed with a probe station by Cascade Microtech. The
four probes were positioned on the Ag ink dots on the extremities of the van der Pauw like structures
(figure 4.17). The current was forced between probes 1 and 2 (I; »), by setting the probe 1 potential
from -1V to 1 V with 8 mV steps and probe 2 acting as ground. The voltage was measured between
probes 3 and 4 (V3 4). The recorded data was exported to MATLAB, where the sheet resistance was
calculated with equation (3) for each point, which were then averaged, excluding the values around I=0.
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Figure 4.17: The four-point probe measurement scheme.

4.7. Optical transmittance measurements

Optical transmittance was measured using a UV/Vis spectrometer (PerkinElImer LAMBDA). The wave-
length range for the measurement was from 300 nm to 800 nm. Transmittance measurements were
performed on graphene grown for 20 min, 40 min, and 60 min transferred on a glass slide. From the re-
sults, the number of graphene layers was calculated by dividing the total absorbance by the absorbance
of monolayer graphene (2.3 %). The transmittance of Au, Pt, and Au+Pt NPs printed on a glass slide
was measured as well. The measurements were done also for only the glass slide for reference. The
absorbance of the glass was then subtracted from the absorbance of the other samples to achieve the
optical transmittance of these samples.



Results and discussion

In this chapter, the results of the electrochemical characterisation of graphene electrodes are presented
and discussed. Optical transmittance measurement results will be given. The effect of the improve-
ment methods (growing thicker graphene, adding Au, Pt, Au+Pt NPs, and nitric acid doping) on the
performance of the electrodes will be presented and discussed.

5.1. Pristine graphene electrodes

The characterisation results for electrodes fabricated with graphene grown for 20 min are presented
and discussed in this section. EIS measurement results and the impedance magnitude (|Z]) at 1 kHz,
as well as cyclic voltammetry (CV) measurements and calculated charge storage capacities (CSC), are
reported.

5.1.1. Electrochemical impedance spectroscopy

EIS measurements were done on 52 devices. The first 25 devices have only graphene on the con-
tact pad (Mo was removed). Out of those, ten electrodes showed expected capacitive behaviour, as
illustrated in figure 5.1a. Two devices showed resistive behaviour (figure 5.1b). The behaviour of the
remaining 13 electrodes was unexpected. An example is shown in figure 5.1c. This variation was as-
sumed to be the result of bad contact between the wire and the device. Thus, it was decided to keep
Mo under graphene on the contact pads.

27 devices with Mo and graphene on the contact pads were measured. Out of those, six devices ex-
hibited resistive behaviour. Devices with resistive behaviour were assumed broken and were excluded
from further analysis. Ten electrodes indicated capacitive behaviour. However, 11 devices still showed
an unexpected result. Several test measurements were performed to confirm the correct functioning
of the potentiostat and its contacts, which all demonstrated proper performance. Furthermore, since
silicon is conductive, the participation of silicon in the reactions was tested, which did not show the
involvement of silicon. It is unknown what causes these different behaviours, but the contact between
the wire and the device likely plays a significant role.

Instead of silver ink, carbon paste was used to attach the wire to the structure for 6 devices with Mo
and graphene on the contact pad. None of the electrodes showed the expected capacitive behaviour.
Three electrodes showed resistive behaviour. The other three devices exhibited the unexpected be-
haviour. The average |Z| at 1 kHz for these electrodes was 25 813 &+ 12 351 Q). These electrodes were
not included in the further analysis.

36
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Figure 5.1: Example EIS measurements showing (a) capacitive, (b) resistive, and (c) unexpected behaviour.

EIS measurements results are divided into two groups, with Mo and graphene on the contact pad
and the devices with only graphene. The average impedance at 1kHz, which is typically reported for
neural electrodes, varies greatly between the two groups due to the contact quality between the wire
and the device. A distinction between electrodes with expected capacitive behaviour and unexpected
behaviour is also made. The means and standard deviations (SD) of impedances at 1kHz for the
different types of devices are given in the table 5.1.

Table 5.1: The average impedance magnitude at 1 kHz for pristine graphene electrodes

contact pad behaviour nr of samples |Z| at 1 kHz (+ SD)
capacitive 10 29531+ 88770
only graphene nexpected 13 34 599 + 19 706 O
total 23 32396 + 15832
capacitive 10 12 753 + 14 594 Q
Mo + graphene o\ bected 1 11748 + 5967 Q
total 21 12226 + 10673 Q

It is interesting to note that the SD is extensive for devices with Mo and graphene on the contact
pad that showed capacitive behaviour. The distribution of the results can explain this. The average |Z|
at 1 kHz for four devices from one wafer is 29 700 + 700 2. The other six devices (from 2 wafers) have
the average |Z| at 1kHz only 1 454 4+ 312 Q). The lowest measured |Z| at 1 kHz of all the graphene
electrodes was 993 (.

It is not known what might have caused the large difference in impedance values. The wafers had
the same fabrication process, but there are possible explanations for the variation in behaviour. Pho-
toresist residues may have remained after Mo patterning, which could have disrupted uniform graphene
growth. Although cracks were not seen during a visual inspection, some microcracks or defects may
have been induced during the last photoresist patterning and Mo etching from the electrodes. Unfor-
tunately, the Raman spectroscopy tool was unavailable, and thus, the correlation between graphene
quality and impedance behaviour could not be investigated.

5.1.2. Cyclic voltammetry

Cyclic voltammetry was performed on 27 electrodes. Out of those, 13 devices had only graphene on
the contact pad (6 with capacitive and 7 with unexpected EIS behaviour) and 14 devices with Mo and
graphene on the contact pad (10 with capacitive and 4 with unexpected EIS behaviour).

Cyclic voltammetry measurements varied greatly between electrodes. For four electrodes, there
were no distinct current peaks, as shown in figure 5.2a. For the rest, negative current peaks occurred
around -0.4 V to -0.5 V (figure 5.2b). This might be due to Mo on the electrode edge taking part in
the reactions. In an electrolyte with pH 7, such as PBS, Mo oxide can form around these potentials
[65]. For some samples, a positive current peak was present around -0.2 V and another negative
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peak around 0.3 V or 0.5 V. To know precisely which reaction those peaks represent, experiments with
various electrolytes with different compositions should be done.
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Figure 5.2: Various CV measurement results, where (a) no peaks occur, (b) a negative peak around -0.55 V, and (c) negative
peaks around -0.5 V and 0.3 V, and a positive peak around -0.1 V

The average cathodic and total CSCs at 0.1 V/s, 0.2 V/s, 0.6 V/s, and 1.0 V/s for all the conditions
are given in tables 5.2 and 5.3, respectively. The highest measured total CSCs were 4.98 m(C'/cm?
at 0.1 V/s, 2.76 mC/cm? at 0.2 V/s, 1.52 mC/cm? at 0.6 V/s, and 1.30 mC/cm? at 1.0 V/s. The
values of CSC are higher with slower sweep rate due to pore resistance and slower reactant flux to
the electrode surface as explained in section 2.3. It can be seen that the SD is quite large for all the
conditions. That might be due to the unknown water window. Itis possible that at-0.8 V, water reduction
is already happening for some samples, and thus, the CSC is overestimated. Furthermore, the different
occurring peaks affect variation in the CSC. It can also be observed that electrodes with unexpected EIS
behaviour have larger cathodic and total CSC for both groups, devices with only graphene and devices
with Mo and graphene contact pads. Furthermore, the average CSCs are higher for the devices with
Mo and graphene on the contact pad.

Table 5.2: The cathodic CSC

cathodic CSC (+ SD) (uC/cm2)

Contact pad Behaviour nr of samples
0,1V/s 0,2VI/s 0.6 Vis 1.0 V/s
capacitive 6 1212 £ 746 691 +409 316 +181 217 £125
only graphene
unexpected 7 1968 + 588 1158 +297 638 + 111 525 + 92
total 13 1619 £ 748 942 +416 489 + 219 383 + 190
capacitive 10 2097 £ 1093 1170 +570 531 +241 390 + 177
Mo + graphene
unexpected 4 2853 +799 1609 +441 755+ 197 590 + 145
total 14 2313 £ 1049 1296 + 559 595 + 245 447 + 188
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Table 5.3: The total CSC

total CSC (& SD) (1C'/cm2)

Contact pad Behaviour nr of samples
0,1V/s 0,2V/s 0.6 V/s 1.0 V/s
capacitive 6 1656 + 956 921 +520 427 +248 297 + 178
only graphene
unexpected 7 3127 £+ 761 1839 + 419 1075+ 244 907 + 212
total 13 2448 + 1120 1416 +654 776 +411 626 + 369
capacitive 10 2782 + 1376 1525 +706 729 +330 558 + 265
Mo + graphene
unexpected 4 3537 £ 967 1976 +524 997 +245 839 + 190
total 14 2998 + 1286 1654 £ 673 806 +324 638 +273

5.1.3. Correlation analysis

The correlation between |Z| at 1 kHz and cathodic or total CSC was investigated. For the analysis, one
outlier was removed (|Z] at 1 kHz = 94 830 Q2). The scatter plots with trendlines in figure 5.3 illustrate the
correlation. Considering devices with both contact types, the correlation with |Z| at 1 kHz is moderate
for cathodic CSC (R? = 0.53) and weak for total CSC (R? = 0.39). CSC strongly correlates with |Z| at
1 kHz for the devices with Mo and graphene contact pads (R? = 0.71 for cathodic CSC and R? = 0.75
for total CSC). The devices with only graphene contact pads did not show correlation with |Z| at 1 kHz
(R? = 0.12 for cathodic CSC and R? = (.04 for total CSC).

The correlation coefficients might be affected by the large variation of |Z| at 1 kHz. The four Mo
and graphene contact devices with |Z] at 1 kHz around 30 k2 may be outliers. Removing these values
would result in no correlation between CSC and |Z|. Thus, a larger sample set is required to conclude.
The high impedance may be limited for the devices with only graphene contact pads, and thus, there
are not many samples with high CSC and low impedance for this contact type.
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Figure 5.3: (a) Cathodic CSC measured at 0.1 V/s correlation with |Z| at 1kHz (b) Cathodic CSC measured at 0.1 V/s
correlation with |Z| at 1kHz. The devices with only graphene on the contact pad are marked with blue (G) and devices with
graphene and Mo on the contact pad are marked with orange (Mo+G). The dotted lines in blue and orange are the linear
trendlines for G and Mo+G devices, respectively, and the grey dotted lines are trendlines for all the data.

Compared to other graphene electrodes reported in the literature, the electrodes presented in this
work perform well. The average |Z| at 1 kHz for electrodes with Mo and graphene on the contact pad
is 12 226 Q, which is close to a graphene electrode with a much larger surface area (310 000 pm?
with |Z| of 10 k2 [40]) and lower than the electrodes with a smaller surface area. In terms of CSC, the
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electrodes measured in this work are between the reported characteristics. The total CSC reported
in the literature (910 uc/cm? at 1 V/s [43]) is higher than the average CSC in this work. However, the
average cathodic CSC measured in this work is much higher than what is reported in the literature (87.8
uc/cm? at 1 V/s [17]). The CSC do not reach the values for Pt, Tin, or IrOx electrodes.

5.2. Graphene with different growth times

Electrode structures and van der Pauw structures were fabricated with graphene grown with three
durations: 20 min, 40 min, and 60 min. The sheet resistances for the different graphene conditions are
reported. The EIS and CV measurements for the electrodes are presented. The optical transmittances
of the transferred graphene layers are shown.

5.2.1. Sheet resistance

Sheet resistance (R) was measured on 27 van der Pauw structures per condition. There was a strong
correlation between the R, and the location on the wafer for all conditions. The structures in the wafer
centre showed the lowest R, and the structures towards the edge showed higher R;. This is possibly
due to the central placement of the heating element in the chamber where graphene is grown. That
creates a higher temperature close to the centre of the wafer, which results in thicker graphene with
lower defect density. Furthermore, the average R, was lower for the longer growth time, which was
probably due to the increased thickness. The average R, for each condition are given in the table 5.4.
The variation of the R, over the wafer was smaller for the higher growth time graphene. That could
be explained by the isothermal growth process of graphene, which indicates that with the increased
thickness of graphene, the growth is slower. Another explanation is the low solubility of Mo for carbon
atoms. Mo will be saturated faster in the middle, and thus, thickness will not increase further. Therefore,
with a longer growth time, the thickness of the graphene on the edges of the wafer becomes more
similar to the thickness in the centre. The average R, and the variations are depicted in figure 5.4. The
measured R for each location measured can be seen in the appendix A.
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Figure 5.4: Sheet resistance vs graphene growth time shows lower average R and smaller variation for longer growth time

Table 5.4: Sheet resistances for different growth times

graphene growth time average sheet resistance (£ SD) minimum R, maximum R,
20 min 541.05 + 171.12 Q/sq 32114 Q/sq  852.13 Q/sq
40 min 447.18 + 126.47Q2/sq 301.89 Q/sq  639.01 Q/sq
60 min 22492 + 26.25Q)/sq 168.51 Q/sq 269,49 Q/sq
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5.2.2. Electrochemical characterisation

A large number of samples was measured with the graphene grown for 20 min. Only three devices
survived the fabrication process with graphene grown for 40 min and six devices with graphene grown
for 60 min. Out of those, one device with 40-min-graphene and four devices with 60-min-graphene
showed resistive behaviour, and therefore, were excluded from further analysis. All devices had Mo
and graphene on contact pads.

The average |Z| at 1 kHz for 40-min-graphene was 30 885 + 3090 2 and for 60-min-graphene
27 065 + 1506 Q). These values are higher compared to 20-min-graphene electrodes with Mo and
graphene on the contact pad. Based on the sheet resistance measurements, a decrease in impedance
was expected with a longer growth time. It is possible that a poor contact between the wire and the
device affected these measurements.

CSCs were higher for electrodes with 60-min-graphene than for 40-min-graphene. However, both
were lower than the average CSCs for 20-min-graphene. The calculated cathodic and total CSCs are
in the table 5.5

Table 5.5: CSC of 40 min and 60 min graphene electrodes (uC /cm?)

growth time CSC 0.1V/s 0.2V/s 06V/is 1.0V/s
40 min total CSC 758.15 41161 17592 121.16
cathodic CSC 688.23 375.10 158.44 107.66
40 min total CSC 812.08 44190 186.09 125.02
cathodic CSC 716.63 394.84 166.03 110.74
60 min total CSC 1797.54 999.91 530.41 435.11
cathodic CSC 1 274.35 698.50 355.88 284.03
60 min total CSC 2172.83 1253.75 604.43 438.36

cathodic CSC 1 716.01 987.09 464.99 331.29

5.2.3. Optical transmittance

Optical transmittance measurements performed on graphene grown for 20 min, 40 min, and 60 min
are shown in figure 5.5. These confirm that increasing the growth time increases the thicknesses of
graphene and reduces the optical transmittance. The optical transmittance at 550 nm is typically used
for the calculation of graphene thickness. According to these measurements, the graphene thicknesses
are ~7-8, ~9 and ~11 layers, for 20 min, 40 min, and 60 min growth times, respectively. During
optogenetic stimulation, light-induced artefacts were observed by Park et al. [17] with stacked 4-layer
graphene using the PMMA-transfer method described earlier. However, the artefacts were not induced
using the bubbling-transfer method with monolayer graphene by Thunemann et al. [45]. Itis uncertain if
the artefact was induced due to the thickness or due to the polymer residues from the transfer process
that lowered the transparency. Therefore, it is difficult to predict if using optogenetics with the CVD
multilayer graphene electrodes used in this work would induce artefact. The graphene is thicker, but
on the contrary, there are no polymer residues between the layers. Thus, light-induced artefact testing
of graphene with different thicknesses would be valuable.
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Figure 5.5: Transmittance of graphene with different growth times

Table 5.6: Optical transmittance of graphene with different growth times

Sample Measured transmittance Glass reduced
%T at470 nm  %T at 550 nm | %T at 470 nm  %T at 550 nm
Glass 58,6 68,0
20 min graphene 41,0 49,7 82,3 81,8
40 min graphene 37,3 45,4 78,6 77,4
60 min graphene 33,0 40,8 74,4 72,9

5.2.4. Correlation analysis

Correlation between the R,, graphene growth time and optical transmittance was investigated. The
relationships are depicted in figure 5.6. The correlation coefficient between growth time and optical
transmittance was R? = 1. The sample size was probably too small, nevertheless it shows a strong

linear correlation. The R, correlation with growth time and transmittance was also very strong (R? =
0.95).
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Figure 5.6: Graphs illustrating correlations between R, optical transmittance, and graphene growth time

The sheet resistance measured for graphene with different growth times correlated well with the
transmittance. Electrochemical characterisation, however, did not follow that correlation. The impedance
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of the electrodes with graphene grown for a longer period was not improved compared to 20 minutes
growth time.

The CSCs were also lower than that of the 20-min graphene samples. However, 60-min graphene
showed higher CSCs than the 40-min graphene electrodes.

5.3. Graphene electrodes with nanoparticles
In this work, graphene electrodes were decorated with Au, Pt and Au+Pt alloy NPs. The electrochem-
ical characteristics measured before and after printing NPs are reported in this section. Furthermore,
NPs were also printed on glass slides for optical transmittance measurement. These results are also
presented here.

The NPs were printed with three different densities. Au NPs covered 47%, 26%, or 10% on 2
devices per condition. Pt NPs covered 47%, 22%, and 8% on two devices per condition. Au+Pt NPs
covered 29%, 14% or 6% on 1 electrode per condition.

5.3.1. Electrochemical impedance spectroscopy

Au NPs were printed on six samples with three different densities. The samples had a relatively high
impedance before adding nanoparticles. The |Z| at 1 kHz was decreased in five cases. The most
significant decrease was 82% for the highest density of Au NPs. The reduction in impedance values
was greater for the higher density of NPs. However, the reduction values are quite different for the
same density of NPs. The |Z| at 1 kHz measured before and after adding Au NPs are illustrated in
figure 5.7. The changes in the impedance values are given in the table 5.7.
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Figure 5.7: The |Z| at 1 kHz measured before and after adding AuNPs.

Table 5.7: |Z| at 1 kHz change with Au NPs

|Z] at 1 kHz (©2)

Au NPs density change
before after
10 % 26380 24590 -6.8%
10 % 11660 14990 28.6%
26 % 36690 27920 -239%
26 % 31290 26270 -16.0%
47 % 25950 4710 -81.8%
47 % 33270 24380 -26.7%

Out of the six devices where Pt NPs were printed, three had relatively high impedance and the
other three, relatively low impedance. However, only 1 of the high-impedance samples survived until
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the after measurement. The samples that had low impedance before Pt NPs did not show significant
improvement. The electrode with the lowest density of Pt NPs showed a 10% increase in the |Z| at
1 kHz. The electrode with the highest density of Pt NPs showed a 5% decrease in the |Z| at 1 kHz.
However, the device with high impedance before Pt NPs showed a 60% decrease in |Z| at 1 kHz. The
impedances before and after adding Pt NPs are illustrated in figure,5.8 and the changes in |Z]| at 1 kHz
are given in the table 5.8.
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W before W after
2,500 50,000

2,000 40,000

1,500 30,000

1,000
500

20,000

Z at1kHz (Q))
Z at1kHz (Q))

10,000

8 22 47 a7

Pt NPs densities (%)

Figure 5.8: The |Z| at 1 kHz measured before and after adding Pt NPs. Note that there are two y-axes.

Table 5.8: |Z| at 1 kHz change with Pt NPs

|1Z] at 1 kHz ()

Pt NPs density change
before after

8 % 1764 1942 101 %

22 % 1634 1663 1.8 %

47 % 1679 1603 -45%

47 % 42440 16810 -60.4 %

Au+Pt NPs were printed on three samples with low impedance before the NPs. An increase, rather
than decrease, was seen after adding the Au+Pt NPs. The impedances before and after adding Au+Pt
NPs are illustrated in figure,5.9 and the changes in |Z| at 1 kHz are given in the table 5.9.
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Figure 5.9: The |Z| at 1 kHz measured before and after adding Au+Pt NPs.
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Table 5.9: |Z| at 1 kHz change with Au+Pt NPs

2| at 1 kHz ()

Au+Pt NPs density change
before after

6 % 1504 1868 24.2%

15 % 1151 1322 149%

30 % 993 1153 16.1%

5.3.2. Cyclic Voltammetry

With CV, changes in cathodic and total CSC were assessed. There was no linear correlation between
the density of Au NPs and the change in CSC. The two devices with 26% coverage showed very
different behaviour. In one case, the increase in CSC was the largest and in the other case, the smallest
out of all the measurements. Cathodic CSC measured with CV at 0.1 V/s before and after adding Au
NPs is shown in figure 5.12.

Cathodic CSC at 0.1 /s before and after Au NPs
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Figure 5.10: The cathodic CSC measured at 0.1 V/s before and after adding Au NPs.

After depositing Pt NPs on the electrodes, CV was performed with the potential limits -0.8 V and 0.6
V. However, the current around -0.8 V peaked as if the water reduction was already happening (figure
5.11a). This could be because adding Pt NPs may change the safe potential window for graphene.
Therefore, for the calculation of CSC, the part of the water reduction was removed by setting -0.6 V as
the lower potential limit (figure 5.11b).
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Figure 5.11: (a) CV with Pt NPs shows water reduction at -0.8 V. (b) CV range reduced to -0.6 V to 0.6 V for CSC calculation
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Although a smaller potential range was used for CSC calculation after NP deposition, the CSCs still
showed improvement. There is a very weak correlation between the density of Pt NPs and the change
in CSC. The cathodic CSC was improved more with a higher density of Pt NPs. However, the total CSC
was enhanced the most with the medium density. The method of removing part of the data certainly
affected these results. New measurements should be done with the same sweep range before and
after adding NPs. Cathodic CSC measured with CV at 0.1 V/s before and after adding Pt NPs is shown
in figure 5.12.
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W before W after

= 10,000.00
E
S 7,500.00
g
2
o 5.000.00
W
o
£ 2,500.00
=
£
= 0.00
L=

8 22 a7

Pt NPs densities (%)
Figure 5.12: The cathodic CSC measured at 0.1 V/s before and after adding Pt NPs.

CV measurements after adding Au+Pt NPs showed similar behaviour to devices with Pt NPs. The
water reduction potential was reached, and thus, the same method was used for the calculation of CSC.

The improvement of total CSC was more prominent for the highest density of Au+Pt NPs. Cathodic
CSC was enhanced most with the medium density of Au+Pt NPs. Cathodic CSC measured with CV at
0.1 V/s before and after adding Au+Pt NPs is shown in figure 5.12.
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Figure 5.13: The cathodic CSC measured at 0.1 V/s before and after adding Au+Pt NPs.

The cathodic and total CSC results calculated for all the sweep rates before and after adding NPs
are given in the appendix B.

5.3.3. Optical transmittance

The optical transmittance of nanoparticles on a glass slide was measured to learn how much they
reduce the transmittance. In the table 5.10, optical transmittance at 470 nm is given since this wave-
length is most commonly used for optogenetic stimulation and at 550 nm, which is typically used for
graphene. The maximal reduction in optical transmittance was measured for Pt NPs with 47% density.
The 71% transmittance would still enable neural activity imaging. For optogenetic stimulation, typically
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higher than 90% optical transmittance is needed. Up to 15% NP density, less than 10% is absorbed.
However, the absorbance of the graphene and substrate should be added.

Au NPs transmittance Pt NPs transmittance Au+Pt NPs transmittance
100 100 100
R ® B
@ @ @
8 s} 8 /\f—‘—’—
= c =
g 60 M g 60 — g e0
£ £ £
12} 0 12}
= < =
e e £
= 40 glass = 40 glass = 40 glass
===10% Au NP on glass ===10% Pt NP on glass ===6% AuPt NP on glass
25% Au NP on glass| 25% Pt NP on glass 15% AuPt NP on glass
——50% Au NP on glass ——50% Pt NP on glass —30% AuPt NP on glass
20 20 20
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
wavelength (nm) wavelength (nm) wavelength (nm)
(@) (b) (c)

Figure 5.14: Optical transmittance measurements of (a) Au NPs, (b) Pt NPs, (c) Au+Pt NPs

Table 5.10: Optical transmittance

Sample Measured transmittance Glass reduced
%T at 470 nm  %T at 550 nm | %T at 470 nm  %T at 550 nm

Glass 89,3 89,3

~10% Au NP on glass 84,0 83,2 94,8 93,9
~26% Au NP on glass 78,1 76,5 88,8 87,3
~47% Au NP on glass 64,3 62,9 75,0 73,7
~8% Pt NP on glass 84,0 83,7 94,8 94,5
~22% Pt NP on glass 77,6 77,7 88,3 88,4
~47% Pt NP on glass 59,8 60,8 70,5 71,5
~6% AuPt NP on glass 83,6 83,3 94,4 94,0
~15% AuPt NP on glass 80,5 80,3 91,3 91,0
~30% AuPt NP on glass 68,4 68,1 79,1 78,9

There is a correlation between the density of NPs and the reduction in |Z| at 1 kHz. Au NPs showed
the largest decrease in impedance (82%). However, using high-impedance samples with Au+Pt NPs
might change that conclusion. The cathodic CSC showed an improvement after adding NPs for all the
conditions. Total CSCs were improved in 42 cases out of 44. The highest total CSCs were measured
for samples with 22% and 47% Pt NPs coverage: 9.40 mC/cm? at 0.1 V/s, 4.90 mC/cm? at 0.2 V/s,
2.24 mC'/cm? at 0.6 V/s, and 1.79 mC/em? at 1.0 v/s. There seems to be a weak correlation between
the density of NPs and the improvement in CSC. However, only one or two devices were measured
per condition. Thus, measurements on a more extensive sample set would be needed to study the
correlation.

Optical transmittance measurements correlate well with the densities of NPs. With 47% coverage,
only 30% of the light is absorbed. Therefore, NPs should not affect neural activity imaging. Since
the nanoparticles are metal NPs, light-induced artefact testing should be performed to investigate the
viability of graphene electrodes with metal nanoparticles for optogenetics application.

Graphene electrodes with Pt NPs in literature have achieved a 99% reduction was achieved while
maintaining higher than 90% optical transmittance. In this work, while maintaining high transmittance,
only a 7% reduction in impedance was observed with 10% coverage of Au NPs. The biggest improve-
ment in impedance (82%) occurred with 47% coverage with Au NPs, but the optical transmittance was
lowered by 30%.
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5.4. Graphene electrodes doped with nitric acid
Nitric acid doping was done with 69.99% H N O3 for two devices and 35% H N Oj; for two devices. The
electrodes exhibited capacitive behaviour with an average |Z| at 1 kHz of 29700 + 700 2 before the
doping (figure 5.15a). However, after the doping, only one remained with capacitive behaviour.

The EIS result for an electrode with 69.99% nitric acid doping is shown in figure 5.15b. The |Z| at
1 kHz has reduced to 7 412 Q). However, the phase suggests that this result is not reliable. This odd
behaviour may be due to the damage to the insulating photoresist layer. However, the visual inspection
did not reveal the damage. The behaviour of the second device with 69.99% nitric acid doping remained
capacitive, and the |Z| at 1 kHz increased to 33 840 Q.

Of the devices doped with 35%, one exhibited resistive behaviour with |Z| at 1 kHz over 1MQ. The
EIS result for the other device is depicted in figure 5.15c. The |Z| at 1 kHz has also increased to 34
540 Q.
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Figure 5.15: EIS measurements results (a) before doping, (b) after 69.99% nitric acid doping, (c) after 35% nitric acid doping

The electrodes doped with 69.99% nitric acid both showed an increase in the CSCs. The largest
increase after 69.99% nitric acid doping was 64% for cathodic CSC at 0.1 V/s. Out of the devices with
35% nitric acid doping, the electrode with resistive showed a decrease in CSCs, and the other electrode
an increase. Cathodic CSC at 0.1 V/s showed a higher increase of 66% after 35% nitric acid doping.
The differences between cathodic CSC at 0.1 V/s can be seen in figure 5.16. The CSC values of all
before and after measurements are given in the appendix B.
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Figure 5.16: Cathodic CSC at 0.1 V/s before and after nitric acid doping.

Based on these measurements, it can be concluded that nitric acid doping does not improve the
impedance of multilayer graphene electrodes. CSC, however, can be improved up to 66% for 0.1 V/s.



Conclusions

Neural electrode design is moving towards flexible forms to reduce tissue damage and to provide long
term stability. Transparent electrodes are being developed to combine electrical and optical modali-
ties into one device for better spatiotemporal resolution. For this application, transparent and flexible
conductive materials are needed. Graphene has shown a lot of potential as an electrode material. How-
ever, the impedance, charge storage capacity and charge injection capacity do not reach the levels of
conventional materials such as platinum, TiN, and IrOx.

To improve the electrical characteristics of graphene, 3 methods were found in the literature that
could be compatible with the transparent and flexible device. These methods include stacking multiple
layers of graphene or growing a thicker layer of graphene, adding nanostructures on the surface of the
electrode, and chemical doping.

In this work, graphene electrodes were fabricated and characterised. Compared to other graphene
electrodes reported in the literature, the electrodes presented in this work perform well in terms of
impedance and CSC. The minimum measured impedance at 1 kHz was 993 Q2 which is better than re-
ported in the literature. The highest measured total CSCs were 4.98 mC'/cm? at 0.1 V/s, 2.76 mC /cm?
at 0.2 V/s, 1.52 mC/cm? at 0.6 V/s, and 1.30 mC/cm? at 1.0 V/s. However, these might be overesti-
mated since the water window for graphene is not known.

Three methods were used in this work to improve the electrical characteristics of graphene elec-
trodes. Graphene was grown for 20 min, 40 min, and 60 min to achieve graphene with different thick-
ness. Gold, platinum, and gold-platinum alloy nanoparticles were printed on the electrode. Nitric acid
doping of graphene was performed with 69.99% and 35% nitric acid. Electrochemical impedance spec-
troscopy, cyclic voltammetry, 4-point probe measurements, and optical transmittance measurements
were used to assess the performance of the electrodes.

The sheet resistance of graphene with different growth times correlated well with the transmittance.
The average sheet resistance was lower for graphene grown with a longer growth time. However, the
impedance of the electrodes with graphene with different thicknesses did not correlate with the growth
time. The graphene grown for 20 minutes exhibited the lowest impedance and highest CSC. The 40-
minute graphene showed the highest impedance and lowest CSC. These results may be affected by
the poor contact between the wire and the device.

There is a correlation between the density of nanoparticles and the reduction in Z at 1 kHz for de-
vices with gold nanoparticles. Gold nanoparticles showed the largest decrease in impedance (82%)
and the largest increase in the charge storage capacity (5629%). However, the electrodes had differ-
ent impedances and CSCs before the nanoparticle deposition. Impedance was not improved for all
samples, but the cathodic charge storage capacity improved after adding nanoparticles for all the con-
ditions. The highest total CSCs were measured for samples with 22% and 47% Pt NPs coverage: 9.40
mC/em? at 0.1 V/s, 4.90 mC/em? at 0.2 V/s, 2.24 mC/cm? at 0.6 V/s, and 1.79 mC/em? at 1.0 v/s.
These values are higher than what has been reported for Tin electrodes (4.82 mC/cm? at 0.1 V/s), but
still significantly lower than IrOx (21 mC'/cm? at 0.1 V/s) [44].

A small number of devices were measured per condition. Thus, measurements on a more extensive
sample set would be needed to study the correlations between nanoparticle densities and electrochem-
ical characteristics.

49
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Optical transmittance measurements correlate well with the densities of nanoparticles. With 47%
coverage, only 30% of the light is absorbed. Therefore, having nanoparticles on the electrode should
not affect neural activity imaging. Since the nanoparticles are metal, light-induced artefact testing
should be performed to investigate the viability of graphene electrodes with metal nanoparticles for
optogenetics application.

While maintaining high transmittance (< 90%), only a 7% reduction in impedance was observed with
10% coverage of Au NPs. The biggest improvement in impedance (82%) occurred with 47% coverage
with Au NPs, but the optical transmittance was lowered by 30%.

Nitric acid doping did not improve the impedance of the graphene electrodes. Charge storage
capacity, however, was improved up to 66% (0.1 V/s).

6.1. Future recommendations

During this project, it was observed that good contact between the wire and the device is crucial. Thus,
to characterise the electrodes more accurately, a non-manual way of connecting wire to the graphene
structure should be opted. Furthermore, other types of conductive adhesives could be tested with
graphene.

Since graphene is permeable to liquid, the electrolyte also goes under graphene during electro-
chemical characterisation. The electrode design used in this work allows for a small contact area also
with Mo. That can lead to variations in EIS and CV results. Therefore, an electrode design where Mo
is completely etched should be developed for electrical characterisation.

As mentioned in the literature study chapter, the water window for graphene is not known. Therefore,
the safe charge injection limits for graphene should be investigated. Furthermore, Pt NPs seemed to
affect the water window. Thus, the investigation should also be done for electrodes after introducing
the improvement methods.

Adding metal nanoparticles to the surface of the electrode has shown to improve the electrical
characteristics of graphene neural electrode. Nevertheless, further investigation is needed to find the
exact correlation between the improvement methods and the performance of the electrode.

Measuring voltage transients is a relevant characterisation method for stimulation electrodes. Even
more so than cyclic voltammetry, since square wave pulses are used, which are actually also used to
stimulate the tissue. Unfortunately, due to the unavailability of suitable equipment that could create
a square wave with low amplitude and short pulse width, voltage transients could not be measured
in this work. In future work, this characterisation should be performed on the graphene electrodes to
assess their suitability for stimulation. Furthermore, the improvement methods could be characterised
further with voltage transients measurement to investigate the performance of the safe charge injection
capabilities.

Stability is an essential property of an implantable device. Therefore, stability testing should be done
for pristine graphene electrodes and improved graphene electrodes. It is not known how strongly the
nanoparticles are adhering to the graphene. Loose nanoparticles in the body can be dangerous. Thus it
is important to investigate the stability. Stability testing could include performing several hundred cycles
of CV or thousands of cycles of stimulation pulses and assessing the electrode properties’ change.
Long-term soaking tests in saline or an ultrasonic bath could also give valuable information about the
stability.

Furthermore, since the final implant structure is flexible, the electrical measurements should also be
performed under mechanical strain. The properties can change under mechanical strain. Thus these
tests could give information about the graphene electrodes as a flexible material and the suitability of
the improvement methods for a flexible implant.
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Measured sheet resistances for each
location

Sheet resistances were measured on one quarter of a wafer. The structures are shown in figure A.1.
The sheet resistances in 2/sq according to the location are given in figures A.2, A.3, A.4 for graphene
grown for 20 min, 40 min, and 60 min, respectively.
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Figure A.1: Wafer with van der Pauw structures. Structures 1 to 27 were used for sheet resistance measurements.
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Figure A.2: Sheet resistances in locations 1 to 27 for graphene grown for 20 min
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Figure A.3: Sheet resistances in locations 1 to 27 for graphene grown for 40 min
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Figure A.4: Sheet resistances in locations 1 to 27 for graphene grown for 60 min



Measured charge storage capacities
before and after adding nanoparticles

In the table B.1, all measurement results for cathodic and total CSC with 0.1 V/s, 0.2 V/s, 0.6 V/s, 1.0
V/s are given. The measurements were done before and after adding nanoparticles to the electrode.
Furthermore, the difference in the CSC between before and after is calculated and reported in the table.

57



Table B.1: CSC before and after adding nanoparticles (1C/cm?)

csc Before Addition After Change
0.1V/s 0.2VI/s 0.6 Vis 1.0VIis 0.1V/s 0.2V/s 0.6 Vis 1.0VIis 0.1Vis | 0.2V/s 0.6 Vis 1.0Vis
total CSC 806.74 414.65 169.63 112.58 | 47% Au NPs 2591.99 | 1540.00 671.88 469.30 | 221.3% | 271.4 % | 296.1 % | 316.8 %
cathodic CSC 626.37 338.89 140.82 92.86 | 47% Au NPs 2499.05 | 1456.72 599.56 403.15 | 299.0% | 329.9 % | 325.8 % | 334.2 %
total CSC 3610.28 | 1913.48 933.47 752.19 | 47% Au NPs 8547.06 | 4757.38 | 2124.57 | 1570.27 | 410.6 % | 431.7% | 4099 % | 3971 %
cathodic CSC | 2 327.12 | 1279.66 605.67 471.16 | 47% Au NPs 7987.86 | 4392.56 | 1836.02 | 1288.50 | 529.1 % | 521.7 % | 483.7 % | 465.9 %
total CSC 720.91 390.01 163.16 111.21 | 26% Au NPs 3681.14 | 2073.67 831.95 552.85 | 136.7 % | 1486 % | 127.6 % | 108.8 %
cathodic CSC 575.80 326.37 137.21 92.80 | 26% Au NPs 3622.26 | 2028.96 800.94 52513 | 243.3 % | 243.3% | 203.1% | 173.5%
total CSC 3689.73 | 2361.71 | 1522.65 | 1296.23 | 26% Au NPs 4084.53 | 2455.26 | 1380.31 | 1147.97 10.7 % 40% | -93% | -114%
cathodic CSC | 1943.49 | 1263.42 790.56 683.71 | 26% Au NPs 3405.83 | 1982.01 995.97 777.96 75.2% 56.9 % 26.0 % 13.8 %
total CSC 2684.47 | 1581.31 901.26 780.32 | 10% Au NPs 5465.39 | 3172.72 | 1617.12 | 1286.10 | 103.6 % | 100.6 % 79.4 % 64.8 %
cathodic CSC | 2 026.07 | 1 184.18 609.92 494.59 | 10% Au NPs 4951.83 | 2829.95 | 1301.30 959.88 | 144.4% | 139.0% | 113.4 % 94.1 %
total CSC 3789.75 | 1865.55 869.03 654.62 | 30% Au+Pt NPs | 7 136.56 | 3909.44 | 1909.91 | 1516.06 88.3% | 1096 % | 119.8% | 131.6 %
cathodic CSC | 2 604.49 | 1426.95 645.09 467.79 | 30% Au+Pt NPs | 5440.25 | 2916.36 | 1 184.23 861.29 | 1089 % | 104.4 % 83.6 % 84.1 %
total CSC 3659.11 | 1961.32 922.42 710.16 | 15% Au+Pt NPs | 6 635.04 | 3997.45 | 1933.68 | 1459.22 81.3% | 103.8% | 109.6 % | 105.5 %
cathodic CSC | 3 007.69 | 1627.00 714.33 521.81 | 15% Au+Pt NPs | 6 337.39 | 3549.41 | 1527.25 | 109141 | 110.7 % | 118.2% | 113.8 % | 109.2 %
total CSC 4548.21 | 2459.55 | 1109.31 828.86 | 6% Au+Pt NPs 7047.30 | 4058.63 | 1882.55 | 1370.10 54.9 % 65.0 % 69.7 % 65.3 %
cathodic CSC | 3796.75 | 2 043.95 872.37 619.58 | 6% Au+Pt NPs 7090.94 | 377459 | 1536.18 | 1037.29 86.8 % 84.7 % 76.1 % 67.4 %
total CSC 4019.54 | 2170.01 963.04 711.68 | 47% Pt NPs 9395.11 | 4795.51 | 2018.69 | 1786.00 | 133.7% | 121.0% | 109.6 % | 151.0 %
cathodic CSC | 3 098.23 | 1691.65 726.39 518.69 | 47% Pt NPs 8916.45 | 4592.25 | 1835.38 | 1394.61 | 187.8% | 171.5% | 152.7 % | 168.9 %
total CSC 3089.46 | 1782.69 993.32 824.83 | 22% Pt NPs 7686.84 | 4903.51 | 2239.49 | 1774.52 | 148.8% | 1751 % | 1255% | 1151 %
cathodic CSC | 2 194.63 | 1 250.64 631.92 496.80 | 22% Pt NPs 6 139.70 | 3588.46 | 1353.07 988.93 | 179.8 % | 186.9% | 114.1 % 99.1 %
total CSC 3499.86 | 1909.66 879.94 668.20 | 8% Pt NPs 6595.24 | 3822.94 | 1785.14 | 1357.48 88.4% | 100.2% | 1029 % | 103.2 %
cathodic CSC | 2487.37 | 1 387.54 616.75 450.60 | 8% Pt NPs 6 240.54 | 3404.02 | 1380.99 99595 | 1509 % | 145.3% | 123.9% | 121.0%
Table B.2: CSC before and after nitric acid doping (uC'/cm?)
csc Before Treatment After Change
0.1VIs 0.2V/s 0.6V/is | 1.0VIs 0.1Vis 0.2V/s 0.6V/s | 1.0V/s | 0.1VIs 0.2V/s 0.6 V/s 1.0Vis

total CSC 713.46 403.38 | 171.27 | 117.71 | 69.99% HNO; 805.39 451.15 | 194.07 | 136.71 | 12.89% | 11.84 % | 13.31 % | 16.14 %
cathodic CSC 640.93 364.60 | 154.34 | 105.23 | 69.99% HNO;3 768.57 428.61 | 181.09 | 12568 | 19.92% | 17.55% | 17.33% | 19.43 %
total CSC 1070.13 666.94 | 319.69 | 218.60 | 69.99% HNOs3 | 1451.01 867.08 | 387.87 | 268.70 | 35.59 % | 30.01 % | 21.33% | 22.92 %
cathodic CSC 797.72 500.54 | 239.01 | 164.18 | 69.99% HNO; | 1 309.89 772.02 | 339.66 | 235.76 | 64.20 % | 54.24 % | 42.11 % | 43.60 %
total CSC 222742 | 1302.71 | 726.94 | 617.19 | 35% HNOs 2719.24 | 1586.67 | 938.92 | 810.52 | 22.08 % | 21.80 % | 29.16 % | 31.32 %
cathodic CSC | 1 389.19 828.44 | 443.85 | 366.39 | 35% HNOs 2306.33 | 1296.69 | 676.89 | 550.64 | 66.02 % | 56.52 % | 52.50 % | 50.29 %
total CSC 1204.11 728.46 | 336.51 | 229.41 | 35% HNO; 1129.76 685.57 | 319.09 | 223.36 | -6.17% | -589% | -5.18 % | - 2.64 %
cathodic CSC 953.94 580.49 | 270.36 | 185.06 | 35% HNO;3 930.84 561.95 | 261.14 | 18266 | -242% | -3.19% | -3.41% | -1.30 %
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